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ABSTRACT 
This dissertation is focused on the synthesis, characterization, self-assembly, and 
materials processing of various functionalized block copolymer systems.  A variety of 
monomers were prepared and polymerized through various polymerization techniques 
including atom transfer radical polymerization, reversible addition-fragmentation chain 
transfer polymerization, and ring-opening metathesis polymerization.  Self-assembly of 
the functionalized block copolymers led to well-defined nanostructures in bulk and thin 
films.  These materials have the capability to be utilized in various applications including 
ordered catalysts and templates for nanolithography.  
In Chapter 1, the overall background of diblock and triblock copolymers and their 
preparation methods is in this dissertation. Major research objectives of my doctoral work 
are described. 
Chapter 2 focuses on the reduction of annealing time and use of industrially 
compatible solvents in high-humidity solvent annealing with poly(ethylene oxide)-block-
poly(styrene). Chapters 3-5 describe the design, synthesis, and characterization of various 
diblock and triblock polymeric architectures and their self-assembly in both bulk and 
thin-films.   Incorporating desirable functional groups into block copolymer systems can 
lead to confinement of the functional group to a specific domain upon microphase
vii 
separation of block copolymers. The resulting materials display desirable characteristics 
of the functional group in a well-ordered nanostructure.   
Finally, chapter 6 provides a summary of the work described herein, and provides 
an outlook into future research with these block copolymer systems. 
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INTRODUCTION 
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1.1 Background  
International Technology Roadmap for Semiconductors projects dynamic 
random-access memory (DRAM) ½ pitch at 22 nm and at 16 nm to be achieved at 2016 
and 2019; a hurdle which the semiconductor industry will face in continuing to  decrease 
the size of integrated circuit components, as photolithographic techniques currently 
employed in complementary metal oxide semiconductor transistors are reaching their 
lower limit.
1
  Block copolymer nanolithography is a promising technique to drive further 
device miniaturization due to the nanometer-scale size of structures by self-assembly.
1, 2
 
However, significant challenges remain to be solved before block copolymer 
nanolithography can be realized as a practical solution to the semiconductor industries 
problems.  Smaller feature size, uniform porous films, long-range order, and industrial 
benign processes are a few of the main requirements demanded by the nanotechnology 
industry as outlined in the ITRS.
1, 3-7
  
1.2 Diblock Copolymers 
Block copolymers are a class of materials that are composed of two covalently 
linked polymer chains.
8
 The thermodynamic immiscibility of these polymers drives the 
formation of microphase separated structures with tunable size, shape, and periodicity.
9
  
These polymeric nanostructures can be utilized in a variety of applications ranging from 
lithographic masks, microelectronic device templates, magnetic storage media, and 
inorganic nano-objects, etc. 
10-18
 The microphase separated structures are controlled by 
three experimental parameters: Flory-Huggins interaction parameter (χ), degree of 
polymerization (N, proportional to molecular weight), and volume fraction of one of the 
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blocks (f) (Figure 1.1A).
19-22
 The most common morphologies studied in A-B diblock 
copolymers are hexagonally packed cylinders, body-centered cubic spheres, and lamella, 
as shown in the phase diagram in Figure 1.1B.  The segregation strength of the polymeric 
material is determined by the χN, while the phases are controlled by altering f.  
 
Figure 1.1 Diblock Copolymer Phase Diagram (A) and Architectures (B)
 19-22 
  Self-assembly and processing of these systems is what leads to arrays of highly 
ordered microphase separated structures.  The periodicity of the nanostructures are 
usually in the range of 10-100 nm.
23
 Long-range order and orientational control are done 
through various processing strategies including topographical and chemical 
graphoepitaxy, external fields, temperature gradients, and solvent annealing.
24-31
 
Furthermore, linear block copolymers can also be incorporated into different polymeric 
architectures such as grafted and star block copolymers to form nanostructures not 
possible from simple linear block copolymers.
32
 Various polymeric architectures derived 
from different linear A-B diblock copolymers will be described in this thesis. 
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1.3 Triblock Copolymers  
Although A-B diblock copolymers present many interesting characteristics, it is 
important to study block copolymer systems that can provide new ordered morphologies. 
Linear A-B-C triblock copolymers have gained tremendous attention due to their vast 
range of potential morphologies. The diverse morphological architectures are dictated by 
the three binary interaction parameters, two independent volume fractions and three 
different block sequences.
3, 33-37
 In contrary to one binary interaction parameter, one 
volume fraction, and a single block sequence as seen in diblock copolymers, triblock 
copolymer morphologies range from tetragonal lattices of cylinders, periodic arrays 
core/shell spheres and cylinders, and novel bi and tri-continuous ordered mesophases, as 
seen in Figure 1.2.
38-40
  
 
Figure 1.2 Architectures of Triblock Copolymers 
Blends of diblock copolymers such as A-B/B-C and A-B/C-D have also been 
explored in the search for novel architectures; however, macrophase separation limits 
their ability to form more complex structures.
41, 42
 In a related approach, blends of A-
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B/B’-C block copolymers improve the compatibility and limit the macrophase separation 
as the B/B’ interaction between the blend (usually hydrogen bonding) allows the B and 
B’ block to form homogenous domains.2, 43, 44Among the various morphologies 
obtainable from the microphase separated structures, square arrays of cylinders are of 
particular importance for many applications. Compared to hexagonal arrays, square 
arrays are more compatible with current integrated circuit design based on the rectilinear 
system, however, more difficult to achieve due to their unique requirements on 
compositions.
2, 37, 43-47
 Square arrays have been well predicted by numerical self-
consistent field theory (SCFT) simulations which predict the formation of square 
cylinders in bulk in a symmetric triblock system, when A and C blocks are of similar 
volume fractions and the middle block as the major volume fraction (χAB ≈ χBC << χAC).
39, 
40
  
1.4 Polymerization Techniques and “Click” Chemistry  
Atom Transfer Radical Polymerization (ATRP)
48-50
 ATRP is one of the most used 
controlled radical polymerization (CRP) techniques. This polymerization provides great 
control over the reaction to develop well-defined polymeric architectures with 
predetermined molecular weight and narrow molecular weight distributions. The general 
mechanism for ATRP is shown below in Figure 1.3. The conditions of the polymerization 
use transition-metal complexes, by which the equilibrium between dormant and active 
species is strongly shifted toward dormant species in order to establish a low 
concentration of propagating radicals.  The radicals (active species) Pn• are generated by 
a reversible redox process in the presence of the transition metal complex. The dormant 
species Pn-X are made through an reducing reaction between the transition metal complex 
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Cu(II)X/L and the propagating radicals.. Finally, many factors need to be considered to 
use this polymerization method, such as initiators, monomers, catalyst systems, 
temperature, and solvents.  
 
Figure 1.3 Overall mechanism of ATRP  
Reversible Addition Fragmentation Chain Transfer Polymerization (RAFT)
51-53
 
RAFT polymerization is another common controlled radical polymerization technique 
used to obtain predetermined molecular weight, and narrow molecular weight distribution 
in polymeric systems. RAFT was first reported by Rizzardo et al. in 1998.
52
 This 
polymerization involves reversible addition-fragmentation chain transfer using a 
dithioester RAFT agent that contains appropriate R and Z groups.  The use of the RAFT 
agent promotes chain transfer between the active and dormant species (Figure 1.4). 
Specifically, the R groups are those that can leave as a free-radical leaving group and also 
reinitiate the polymerization. Since RAFT is a radical process, the R group is vital to the 
stability of the radical intermediate and its ability to fragment. Some common R groups 
are cumyl and cyano alkyl groups. On the other hand, Z groups favor the stability of the 
RAFT agent and influences the rate of radical addition/fragmentation. Phenyl rings are 
the most common Z groups used in the RAFT. While there are numerous RAFT agents 
used, dithiobenzoates are readily used because their ability to provide control over many 
monomers and radical initiators. RAFT polymerization has been used to prepare 
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polymers of various architectures, including diblock copolymers, triblock copolymers, 
grafted polymers, and star polymers. 
 
Figure 1.4 Overall mechanism of RAFT polymerization 
Ring-Opening Metatheses Polymerization (ROMP)
54, 55
 ROMP is an olefin metathesis 
chain-growth type polymerization. ROMP is an attractive technique to prepare new 
polymers with controlled molecular architectures since it is robust, highly efficient. The 
overall mechanism of ROMP is a metal-mediated carbon-carbon double bond exchange. 
Polymers prepared by ROMP contain unsaturated double bonds in each repeating unit. 
Most commonly, norbornene monomers are used as the relief of ring strain serves as the 
driving force. The catalysts used in ROMP include a variety of metals, but the most 
common and well-known ones are ruthenium based Grubbs’ catalysts. Figure 1.5 shows 
the general mechanism and three different generations of Grubbs’ catalysts.  
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Figure 1.5 General Mechanism and Grubbs’ catalysts for ROMP 
“Click” Chemistry56-58 “Click Chemistry” denotes certain reactions coined by Sharpless 
et al.
57
  Click chemistry includes copper (I)-catalyzed azide-alkyne cycloaddition, thiol-
ene, and Diels-Alder cycloaddition. Particularly the copper(I)-catalyzed azide-alkyne 
cycloaddition (CuAAC) was first categorized as a click reaction in 2002 by Sharpless and 
Meldal, and has become one of the most prominent methods used for post-polymerization 
modification.
57
 CuAAC is a variation of the Huisgen 1,3-dipolar cycloaddition, it 
transforms organic azides and terminal alkynes into 1,4-disubstituted 1,2,3-triazoles 
(Figure 1.6). This reaction has been used in conjunction with ATRP and RAFT to 
produce a wide variety of functional polymers.
59-62
 
 
Figure 1.6 Copper catalyzed azide-alkyne cycloaddition (CuAAC) 
All polymeric architectures have been designed from each of the abovementioned 
methods (ATRP, RAFT, and ROMP) through chain-extension with a second monomer, 
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or through post-polymerization modification to attach a second polymer (“click” 
chemistry) and produce functional polymeric materials (Scheme 1.1).
63
 
 
Scheme 1.1 Preparation of block copolymers by chain extension (Route 1) and polymer 
coupling (Route 2) 
1.5 Dissertation Outline 
This dissertation has two main research objectives. The first objective is to 
develop an industrial friendly and faster solvent annealing process.  Understanding of the 
kinetics involved in solvent annealing using commonly employed solvents was carried 
out. Next, implementation of two industrially benign solvents and the kinetics, as well as 
efficiency, was studied.    
The second objective of this thesis was to design, synthesize, and characterize 
functional polymeric materials for the use in advanced applications. Mainly, diblock, 
triblock, grafted, and star block copolymers containing various functional groups were 
designed and their self-assembly was studied 
In Chapter 2, the reduction of solvent annealing time using poly(ethylene oxide)-
block-polystyrene (PEO-b-PS) with toluene as the solvent was explored. Annealing time 
was reduced by nearly an order or magnitude by simply decreasing the solvent chamber 
volume. Also, implementation of industrially benign solvents, methyl ethyl ketone 
(MEK), and propylene glycol monomethyl ether acetate (PGMEA), was used to obtain 
ordered surface patterns with PEO-b-PS block copolymer. 
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In Chapter 3, novel grafted and star block copolymers were synthesized using a 
combination of ATRP, ROMP, and “click” chemistry.  These architectures were 
developed to overcome severe de-wetting and to target low feature sizes and periodicity 
that proved near impossible for linear diblock copolymer PEO-b-PS from previous 
studies.   
In Chapter 4, details of the preparation, polymerization, and self-assembly of 
novel P2VP-b-PS-b-PI triblock copolymer using RAFT and “click” chemistry were 
discussed. This system was aimed to target numerous morphology.  
In Chapter 5, grafted diblock copolymers were prepared via RAFT, ATRP, 
ROMP, and “click” chemistry.  As compared to Chapter 3’s PEO-b-PS grafted and star 
diblock copolymers, these architectures were derived from PS-b-PMMA. This series of 
polymers provide great insights for future work.  
Finally, a summary is given in Chapter 6. In addition, some suggestions about 
continued and future research of block copolymer self-assembly are provided.  
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CHAPTER 2 
IMPROVING HUMIDITY-CONTROLLED SOLVENT ANNEALING PROCESSES FOR 
BLOCK COPOLYMER POLY(ETHYLENE OXIDE)-B-POLYSTYRENE† 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
† 
Hayat, J.; Mitra, I.; Qiao, Y.; Stein, G. E.; Tang, C. European Polymer Journal 2015, 
71, 476-489.  Reprinted here with permission of publisher. 
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2.1 Abstract 
This chapter addresses two challenges in humidity-controlled solvent annealing of 
poly(ethylene oxide)-b-polystyrene thin films: (1) reduction in annealing time by nearly 
an order of magnitude for toluene under high humidity, which is achieved by decreasing 
the annealing chamber volume; (2) utilization of two industry-benign solvents, methyl 
ethyl ketone (MEK) and propylene glycol monomethyl ether acetate (PGMEA), to 
achieve ordered surface patterns under high humidity. When toluene is employed for 
annealing, the rate of block copolymer ordering is controlled by the time required to 
saturate the vapor phase, which depends on the chamber size in this study. The kinetics 
with MEK and PGMEA are more complex: While saturation time plays a role, these 
solvents reduce the incompatibility between PS and PEO, so longer annealing times are 
required to achieve good lateral order. We also present evidence that lateral ordering is 
faster than lattice swelling in the small chamber, so large grains are achieved without 
inflating the domain size and periodicity.  
2.2 Introduction 
Block copolymers are comprised of chemically distinct segments that are 
covalently bonded together. The thermodynamic immiscibility of these polymers drives 
the formation of microphase separated domains with tunable size, shape, and periodicity. 
The morphologies of block copolymers are controlled by their molecular characteristics.
1-
5 
 There are three principal experimental parameters that dictate how a diblock copolymer 
microphase separates: Flory-Huggins interaction parameter (χ), degree of polymerization 
(N, proportional to molecular weight), and volume fraction of one of the blocks (f).
6
 The 
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product χN controls the strength of segregation. The size and periodicity of 
nanostructures is tuned through changes in N, while phases are largely controlled by f.  
Block copolymer thin films are used  for  nanolithographic masks,
7-12
 templates 
for inorganic nano-objects,
8, 13-15
 magnetic storage media,
16
 and devices.
17, 18
  These 
applications require good lateral ordering of the domains, and for anisotropic 
morphologies (lamellae and cylinders), the orientation of domains with respect to the 
interfaces must also be controlled. Lamellae and cylinders can align either parallel or 
perpendicular to a substrate depending on interfacial energetics and external structure-
directing potentials. Popular examples of external potentials include electric fields,
19-22
 
chemically patterned substrates (chemoepitaxy),
23, 24
 and topographically patterned 
substrates (graphoepitaxy).
25, 26
  
 
This chapter focuses on two challenges in the high-humidity solvent annealing 
process of poly(ethylene oxide-b-styrene) (PEO-b-PS) diblock copolymer thin films: 
reduction of annealing time and implementation of two industry-benign solvents. Solvent 
annealing can induce domain ordering by plasticizing the copolymer to allow diffusion, 
modifying the effective χ parameter, and tuning energetics at the air interface to favor 
lateral ordering.
27-35
 In addition to controlling solvent vapor pressure, humidity controls 
can be used to tailor surface interactions in copolymers with a hydrophilic block (such as 
PEO) and facilitate lateral ordering.
36-43
 These procedures are well-documented with 
PEO-b-PS copolymers that form PEO cylinders or spheres in a PS matrix, and can induce 
long-range lateral ordering with grain sizes on the order of micrometers.
44-47
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High-humidity solvent annealing requires control over critical parameters such as 
solvent type, relative humidity (RH%), and annealing time. An appropriate solvent will 
solubilize both copolymer blocks. While many organic solvents meet this criterion for 
PEO-b-PS, the most commonly-employed reagents are carcinogenic or suspected 
carcinogenic, so they are not desirable for industrial processes. RH controls the lateral 
ordering of PEO domains at the film surface. For example, earlier work on cylindrical 
PEO-b-PS demonstrated that high RH (>90%) promotes perpendicular orientation at the 
surface whereas low RH (<80%) leads to parallel layers through the film thickness.
46
 
Furthermore, solvent vapor pressure and the solubility between the block copolymer and 
solvent partly determine the time needed for annealing. 
Scheme 2.1 Humidity-controlled solvent annealing process for block copolymer PEO-b-
PS in thin films 
 
Scheme 2.1 illustrates the solvent annealing process that is employed in this work. 
A thin film of PEO-b-PS is placed inside a small chamber that includes a solvent 
reservoir, and the chamber was placed in a humid glove box. The small chamber consists 
of an upside-down petri dish over a petri dish containing the solvent reservoir and film.  
The upside-down petri dish acts a cover in the system. The small chamber was sealed by 
placing a heavy metal on top of the cover. The chamber becomes saturated with solvent 
vapor, which causes the film to form a swollen and homogenous polymer layer on the 
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substrate. The top of the small chamber (upside-down petri dish) was then opened and 
removed from inside the humid glove box. The exposure of the thin film to the large 
reservoir of the humid environment (>90%) would initiate a “de-swelling” process where 
the solvent evaporates from the film surface and leads to the formation of a concentration 
gradient in the film. Simultaneously, water vapor (humid environment) is preferentially 
solubilized by hydrophilic PEO segments and induces ordering of PEO domains on the 
surface. As solvent continues to evaporate, the ordering at the surface can propagate into 
the film.
17, 37, 38, 45, 48
 It is important to note that de-swelling of the thin film is not affected 
by the volume of the small chamber since the de-swelling occurs only after the top of the 
chamber is removed. 
There are two underlying practical challenges for this high-humidity solvent 
annealing process. First, annealing time needs to be significantly reduced. The typical 
timescale to achieve long-range lateral order in PEO-b-PS copolymers is hours to days, 
so it is not appropriate for high throughput production. Second, we demonstrate that long-
range lateral order in PEO-b-PS thin films is achieved in minutes with humid toluene 
vapor by simply decreasing the annealing chamber volume. We also report the use of 
industry-benign solvents, such as methyl ethyl ketone (MEK) and propylene glycol 
monomethyl ether acetate (PGMEA), to achieve ordered surface patterns. These simple 
changes to high-humidity solvent annealing protocols are easily implemented in any 
laboratory environment.  
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2.3 Experimental Section 
2.3.1 Materials   
Tetrahydrofuran (THF) and dimethylformamide (DMF) were dried over 
molecular sieves and distilled before use. Styrene was passed through a basic alumina 
column before use.  N,N,N’,N”,N”-pentamethyldiethylenetriamine (PMDETA, Aldrich) 
and triethylamine (Et3N, 99%, Aldrich) were distilled before use. Cu(I)Br (99.999% 
Aldrich) and 2-bromoisobutyryl bromide (Aldrich) used as received. Toluene (99%), 
methyl ethyl ketone (MEK, 99.0%), and propylene glycol monomethyl ether acetate 
(PGMEA, 99.5%) were purchased from Sigma Aldrich and used as received. All other 
reagents and solvents were purchased from Sigma Aldrich or Alfa Aesar and used as 
received. 
2.3.2 Synthesis of PEO-b-PS   
As shown in Scheme 2.2, the preparation of block copolymer poly(ethylene 
oxide)-block-polystyrene (PEO-b-PS) followed procedures reported earlier.
38, 40, 49
 This 
block copolymer has a number-average molecular weight of 18,000 Da with the PEO 
fraction at 28 wt% and a dispersity of 1.10. 
2.3.3 Characterization   
Gel permeation chromatography (GPC) was performed at 50 °C on a Varian 
system equipped with a Varian 356-LC refractive index detector and a Prostar 210 pump. 
The columns were STYRAGEL HR1, HR2 (300 × 7.5 mm) from Agilent. HPLC grade 
DMF was used as eluent flow rate of 1.0 mL/min. Polystyrene standards were used for 
calibration.  
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2.3.4 Preparation of Thin Films  
A block copolymer (1.5 wt%) toluene solution was spin coated (3000 RPM, 60 s) 
onto oxidized silicon substrates (100 nm thick thermal oxide). The thin films were 
annealed in a glove box with controlled humidity as shown in Scheme 2.1.  Three 
different solvents were used for solvent annealing: toluene, MEK, and PGMEA. 
Annealing time was varied for each solvent. All films were saturated with solvent vapor 
in a chamber before exposure in the humid glove box. Grain sizes were determined by 
measuring areas of complete grains from at least five different micrographs and 
calculating an average of selected areas. Film thicknesses were measured with a J.A. 
Woollam spectroscopic ellipsometer with an incident angle of 70°. Ellipsometry data (Δ, 
Ψ) were modeling using the Cauchy dispersion relation to describe the refractive index of 
the polymer film, i.e., n(λ) = A + B/λ², where A, B, and polymer film thickness were 
adjustable parameters for regression analysis (all positive values). All film thicknesses 
were in the range of 55 to 65 nm.  
2.3.5 Atomic Force Microscopy  
Atomic force microscopy (AFM) was performed using a Multimode Nanoscope V 
system (Bruker, Santa Barbara, CA). Tapping mode AFM was used to map the 
topography by tapping the surface using an oscillating tip. The measurements were 
performed using commercial Si cantilevers with a nominal spring constant and resonance 
frequency at 20–80 N m− 1 and 230–410 kHz, respectively (TESP, Bruker AFM Probes, 
Santa Barbara, CA).  The spacing between close-packed rows of dots or adjacent parallel 
cylinders was calculated from the power spectral density using the Bruker software.  The 
sizes of ordered “grains” were calculated from AFM micrographs using ImageJ software: 
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Grain boundaries were traced using the polygon option. We calculate the area of each 
polygon, and then define a circle of equal area to calculate the grain “diameter”. (Grains 
that extend outside the range of the image were excluded from the analysis.) The image 
sizes used for this analysis ranged from 2 μm at short times up to 4 μm at longer times. 
The standard deviation is based on the average from 2-3 images per sample. 
2.3.6 Grazing-Incidence Small Angle X-ray Scattering (GISAXS)  
GISAXS experiments were performed at beam line 8-ID-E at the Advanced 
Photon Source of Argonne National Laboratory. Samples were placed in a low vacuum 
chamber and illuminated with 7.35 keV (λ=0.168 nm) radiation at incident angles in the 
range of 0.1-0.24º (critical angle of the polymer is approximately 0.16º). The off-specular 
scattering was recorded with a Pilatus 1MF pixel array detector (pixel size = 172 µm) 
positioned 2175 mm away from the sample. Slit sizes were 50 µm (vertical) and 100 µm 
(horizontal). Acquisition times were on the order of 10 sec for each incident angle. Each 
data set is stored as a 981×1043 32-bit tiff image with 20-bit dynamic range. Note that αi, 
αf, and αc denote the incident angle, exit angle, and critical angle of the polymer, 
respectively. 
2.4 Results and Discussion  
A linear diblock copolymer was synthesized using mono-functional poly(ethylene 
oxide) (PEO), as shown in Scheme 2.2.
49 
 
Scheme 2.2 Synthesis of block copolymer PEO-b-PS according to previous reported 
literature
38, 40, 49
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Mono-hydroxyl terminated PEO (1) with a number-averaged molecular weight 
5000 Da was converted into an atom transfer radical polymerization (ATRP) 
macroinitiator (2) by reacting the terminal hydroxide group with 2-bromoisobutyrl 
bromide in the presence of triethylamine. Block copolymer PEO-b-PS (3) was 
synthesized by chain extension of the macroinitiator (2) with styrene using Cu(I)Br and 
PMDETA as the catalyst system at 90 °C.  The molecular weight of polystyrene was 
monitored by proton NMR (Figure 2.1). The monomer conversion was obtained by 
calculating the decrease in styrene monomer signals at 5.74 and 5.22 ppm as compared to 
the PEO backbone protons at 3.47-3.77 ppm.  The final block copolymer has a molecular 
weight 18,000 Da with a PEO fraction of 28.0 wt% and dispersity (Đ) of 1.10. It has been 
well demonstrated that PEO-b-PS with a PEO (5000 Da) block in the range of 20-30 wt% 
can produce cylindrical morphologies both in bulk and thin films under humidity-
controlled solvent annealing.
36-39, 41-45
 
Films of PEO-b-PS with thicknesses of ~60 nm were spin-cast on silicon/silicon 
oxide substrates from 1.5 wt% toluene solutions. The films were then subjected to the 
high-humidity annealing protocol introduced in Scheme 2.1. The chamber sizes were 
1236 cm
3
 ("large") and 64 cm
3
 ("small") (Scheme 2.3). The solvent reservoir inside the 
chamber has a volume of 15.7 cm
3
. Three solvents were compared: toluene, MEK and 
PGMEA. The efficacy of toluene in high-humidity solvent annealing processes has been 
established by other studies,
36-39, 41-45
 and thus these outcomes serve as a reference for the 
current work with more benign MEK and PGMEA. All films were solvent annealed for 
times ranging from 0.5 hours to 20 hours, and then “de-swelled’’ for a period of time in 
the humid glove box. 
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Figure 2.1 
1
H NMR spectra of PEO-b-PS, PEO-Br and PEO 
Scheme 2.3 Solvent Annealing Chambers 
 
Hansen solubility parameters for PS, PEO, and each solvent are summarized in 
Table 2.1, and were used to predict the Flory-Huggins χ-parameter for each 
polymer/solvent pair:
50
 
 25 
 
 
 
                             (2.1) 
 
  
 
 
where vs is the solvent molar volume, and the exchange-energy density of two 
components is:  
𝐴12 = (𝛿𝑑
1 −  𝛿𝑑
2)2 +  0.25(𝛿𝑝
1 −  𝛿𝑝
2)2 + 0.25(𝛿ℎ
1 − 𝛿ℎ
2)2                (2.2) 
Predicted χ-parameters are summarized in Table 2.2. Toluene is selective to the PS 
domains, while all other solvents are selective to PEO. Note that the values for PS/solvent 
pairs are consistent with other predictions and experimental measurements.
50
  
Table 2.1 Hansen solubility parameters 
Material  δd 
(MPa
1/2
) 
δp 
(MPa
1/2
) 
δh 
(MPa
1/2
) 
PS
51
 18.6 0.2 0 
PEO
52
 16.3 6.1 9.4 
Toluene
50
 18.0 1.4 2.0 
MEK
50
 16.0 9.0 5.1 
PGMEA
53
 16.1 6.1 6.6 
Water
52
  15.5 16.0 42.4 
 
The vapor pressures of toluene, MEK, and PGMEA are summarized in Table 2.3 for 25 
o
C. The vapor pressure (P
vap
) will control the concentration of solvent vapor in the 
chamber, while both P
vap
 and χ will determine the solvent fraction in the film (φs).  
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Table 2.2 Estimated χ-parameters at 298K for each polymer/solvent system 
 PS PEO 
Toluene 0.26 0.94 
MEK 0.43 0.26 
PGMEA 0.41 0.11 
Water  2.84 2.15 
 
The equilibrium solvent fraction is estimated with Flory-Huggins theory: The 
chemical potential of solvent in the vapor phase and the film must be equal at 
equilibrium, leading to Equation 2.3: 
 ln(𝑃𝑣𝑎𝑝/𝑃0) = 𝜒(1 − 𝜑𝑠) +  ln(𝜑𝑠) +  (1 − 1/𝑁)(1 − 𝜑𝑠)         (2.3)                                    
where P
0
 is a reference state of 1.01 bar (normal boiling). Results are reported in Table 
2.3. Vapor pressure has the strongest impact on solvent concentration in the film, and 
polymer-solvent compatibility plays a secondary role. The predicted concentration for the 
toluene/PS system is consistent with other literature studies that directly measure solvent 
uptake.
54
 
Table 2.3 Solvent vapor pressure at 25
 o
C and equilibrium concentration of solvent in 
the PS and PEO domains (volume fractions φs) 
Solvent P
vap
  at 25
 o
C (bar) φs (PS) φs (PEO) 
Toluene 0.038 0.01 0.006 
MEK 0.127 0.03 0.04 
PGMEA 0.007 0.002 0.002 
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  The first solvent employed was toluene. All films annealed under toluene were 
allowed to de-swell for 15 minutes. It typically takes more than 10 hours to achieve 
highly ordered PEO-b-PS thin films in a large chamber (volume of 1236 cm
3
). When the 
annealing time was less than 1 hour, the films (1a, 1b and 1c in Table 2.4 and Figure 2.2) 
were either disordered or had extremely small grains of hexagonally-packed arrays. Only 
annealing times in excess of 6 hours could result in ordered thin films (1e and 1f in Table 
2.4 and Figure 2.2). However, when the chamber volume was decreased to 64 cm
3
, 
laterally ordered films were obtained in a matter of minutes, and further annealing up to 3 
hours produced single grains spanning more than 2.5 μm². Figure 2.3 shows AFM height 
images that illustrate the evolution of order achieved with a small chamber volume 
(samples 2a-d in Table 2.4). After 0.25 hour of annealing, the PEO domains are 
hexagonally ordered at the air surface. Some areas of the film exhibit long-range order, 
while other regions exhibit liquid-like order. Such extremity indicates that the system is 
highly unbalanced. Nevertheless, the distance between close-packed rows is d = 23 nm. 
After 0.5 hr, the domains at the air interface are laterally-ordered into large hexagonal 
grains that span nearly 1.5 µm × 1.5 µm with d = 25 nm (Figure 2.3B). This is a 
significant observation as this level of ordering is sufficient for many applications.
55-57
 A 
1 hr annealing increased the average grain size to 1.9 µm × 1.9 µm with d = 26 nm. When 
the annealing time was extended to 3 hours, a highly ordered thin film with an average 
grain size of 2.8 µm × 2.8 µm and d = 26 nm was obtained. The grain size was similar to 
or even better than those films annealed for more than 16 hours in the large chamber 
(sample 1f in Table 2.4 and Figure 2.2). 
  
2
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Table 2.4 Annealing conditions and results for block copolymer PEO-b-PS thin films in large and small chambers with toluene as 
annealing solvent. “Disordered” grain size consists of both parallel and perpendicular domains on the surface with no degree of 
ordering to determine average grain size. “=” means cylinders parallel to the surface, “┴”means hexagonally-packed domains on the 
surface. Average grain size depicts the size of continuous ordered grains in the AFM micrographs only if perpendicular or parallel 
domains were present.   De-swelling time = 15 minutes 
Sample Chamber Size 
(Volume) 
Annealing Time Relative 
Humidity (+/-
3%) 
d (nm) Average Grain Size 
1a 1236 cm
3
 0.25 hour 88% 25 Disordered 
1b 1236 cm
3
 0.5 hour 89% 25 “┴”, 0.22 µm × 0.22 µm 
1c 1236 cm
3
 1 hour 88% 26 “┴”, 0.49 µm × 0.49 µm 
1d 1236 cm
3
 3 hours 90% 27 “┴”, 1.2 µm × 1.2 µm 
1e 1236 cm
3
 6 hours 90% 31 “┴”, 2 µm × 2 µm 
1f 1236 cm
3
 16 hours 90% 33 “┴”, 2.4µm × 2.4 µm 
2a 64 cm
3
 0.25 hour 88% 23 Ordered/Disordered 
2b 64 cm
3
 0.5 hour 89% 25 “┴”, 1.5 µm × 1.5µm 
2c 64 cm
3
 1 hour 88% 26 “┴”, 1.9 µm × 1.9 µm 
2d 64 cm
3
 3 hours 90% 26 “┴”, 2.8µm × 2.8 µm 
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Figure 2.2 AFM height images of thin films of block copolymer PEO-b-PS processed by 
high humidity solvent annealing in toluene under varied annealing time in a large 
chamber: (A= 1a, 0.25 hr; B = 1b, 0.5 hr; C = 1c, 1 hr; D = 1d, 3 hr; E = 1e, 6 hr; F = 1f, 
16 hr) 
Figure 2.4 directly compares the effect of chamber size on the ordering of block 
copolymers in thin films as a function of annealing time using toluene as the solvent. We 
omit the data for Figure 2.3A, as the sample exhibited coexistence between highly 
ordered and highly disordered grains. Another point of interest relates to swelling of the 
lattice during the annealing process (captured by changes in d). The swelling is a strong 
function of annealing time and a weak function of chamber size, without any clear 
coupling to the extent of lateral order. This is a significant observation for lithography, as 
these data demonstrate that the smaller chamber not only reduces the annealing time, but 
results in patterns with smaller pitch (Figure 2.5). 
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Figure 2.3 AFM height images of thin films of block copolymer PEO-b-PS processed by 
high humidity solvent annealing in toluene under varied annealing time in a small 
chamber: (A = 2a, 0.25 hr; B = 2b, 0.5 hr; C = 2c, 1 hr; D = 2d, 3 hr) 
The smaller chamber clearly reduces the annealing time that is needed to achieve good 
lateral order, so we now discuss the cause of the enhanced ordering kinetics. We model 
the transient concentration profiles in the chamber with Fick’s second law, 
 𝜕𝑐𝑠
𝜕𝑡
= 𝐷𝑠𝑎
𝜕2𝑐𝑠
𝜕𝑧2
 
(2.4) 
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Figure 2.4 Lateral grain size in PEO-b-PS thin films as a function of time. High-humidity 
toluene solvent annealing in large and small chambers (Small Chamber 2b-2d and Large 
Chamber 1c-1f)   
 
Figure 2.5 d-spacing in PEO-b-PS thin films as a function of time. High-humidity toluene 
solvent annealing in large and small chambers (Small Chamber 2a-2d and Large 
Chamber 1a-1f) 
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where cs[t,z] is the concentration of solvent in the vapor phase, Dsa is the diffusivity of 
solvent in the vapor phase, and z is the linear distance from the source. A one-
dimensional model is selected for simplicity (and visualization.). It is important to note 
that the calculations based on a 1D model do not account for chamber shapes.  Herein, we 
assume that evaporation proceeds under isothermal and isobaric conditions.  
The chamber initially has no solvent vapor, so the first boundary condition we 
apply is:  
 
 
(2.5) 
At the surface of the liquid (z = 0) we assume the partial pressure of solvent in the 
vapor phase can be modeled as an ideal gas, i.e., ps[t,0] = P
vap
. This leads to the second 
boundary condition: 
 
 
(2.6) 
where R = 83.14 bar cm
3
 mol
-1
 K
-1
 and T = 298 K is the temperature in the glove box. 
The third boundary condition pertains to the wall of the chamber (at z = L). We start with 
the assumption that the boundary is impermeable:  
 
 
(2.7) 
The vapor pressure of toluene is 0.038 bar at 298 K, so cs[t,0] = 1.5x10
-6
 mol/cm
3
. 
The diffusivity of toluene in air at 298 K can be approximated from empirical 
correlations adapted from classical kinetic theory, such as equation 1 in Wilke and Lee et 
al,
58
 and is approximately 0.2 cm
2
/sec. We set the chamber “length” L based on the sizes 
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of each chamber:  The small chamber has a diameter of 9 cm and height 1 cm, while the 
large chamber has a diameter of 15 cm and a height of 7 cm. The liquid source inside 
each chamber has diameter and height of 5 cm and 0.8 cm, respectively. Since we use a 
1D model, we define a length scale L for each chamber with the following formula: L = 
(Vchamber – Vsource)/Asource, where the numerator reflects the unoccupied volume of the 
chamber and the denominator is the surface area of the liquid source. We find L = 0.75 
cm for the small chamber, and L = 19 cm for the large chamber.  
 
Figure 2.6 Toluene concentration in the vapor phase cs as a function of t and z for a)  
small chamber; b) large chamber; c) leaky small chamber; d) leaky large chamber 
Figures 2.6A and 2.6B summarize the transient concentration profiles from z = 0 
to L over 3000 sec. The small chamber is filled with vapor at a partial pressure of ps = 
P
vap
 within 10 seconds. However, the large chamber requires nearly an hour to reach the 
same steady-state concentration. This model suggests that slow ordering kinetics in the 
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large chamber is at least partly associated with the long time scales to achieve a saturated 
vapor phase. 
Another point to consider is the solvent leakage rate. Each chamber is merely an 
upside-down glass dish placed on the bottom of the glove box, meaning there is no seal at 
the base. The gradient in solvent composition could drive diffusion out of the chamber 
into the large glove box, where the ambient solvent composition is approximately 0. 
Therefore, the third boundary condition might be better described as: 
 
 
(2.8) 
The constant captures the effective solvent diffusivity (Deff) through the narrow gap and 
the mass transfer coefficient (kc) for diffusion of solvent inside the glove box (as the 
surrounding gas is not stagnant). It is difficult to estimate these parameters for the present 
system, so we assume the constant is approximately kc/Deff = 0.005. Outcomes are 
reported in Figures 2.6C and 2.6D. The transient concentration profiles in the small 
chamber are largely unaffected by a small leak, while the large chamber does not reach a 
concentration of 1.5x10
-6
 mol/cm
3 
within 3000 seconds. If we increase the constant by an 
order of magnitude, producing a bigger leak, then we find an even larger discrepancy 
between the two chambers in the long time limit. This is illustrated by Figure 2.7 as 
shown below. 
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Figure 2.7 Toluene concentration in the vapor phase cs as a function of t and z for a) small 
chamber; b) large chamber; c) leaky small chamber; d) leaky large chamber. The leak in 
these calculations is an order of magnitude larger than in Figure 2.6; i.e., kc/Deff = 0.05.
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The second challenge to address was replace toluene with industry-benign 
solvents (MEK and PGMEA) to see whether the same degree of surface order could be 
attained. Following the previously discussed methods, we can predict the saturation time 
for each solvent system in the small and large chambers. For MEK, the vapor pressure is 
0.126 bar at 298 K, so cs[t,0] = 5.1x10
-6
 mol/cm
3
. The diffusivity of MEK in air is 
approximately 0.24 cm
2
/sec.
58
 For PGMEA, the vapor pressure is 0.007 bar at 298 K, so 
cs[t,0] = 2.7x10
-7
 mol/cm
3
. The diffusivity of PGMEA in air is approximately 0.17 
cm
2
/sec.
58
 Figure 2.8 reports the time required to achieve a saturated vapor state. The 
saturation time is very fast (nearly instantaneous) for both solvents in the small chamber, 
while saturation is slow in the large chamber. However, as discussed in Table 2.5, the 
solvent concentration in the film is much higher for MEK than PGMEA, so we do not 
anticipate similar ordering kinetics in the two systems.  
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Figure 2.8 Solvent concentration cs as a function of t and z for a) small chamber with 
MEK; b) large chamber with MEK; c) small chamber with PGMEA; d) large chamber 
with PGMEA 
Table 2.5 summarizes the experimental conditions and results for the annealing 
process under MEK. All films annealed under MEK were allowed de-swell time for 5 
minutes. As shown in Figure 2.9A, annealing times less than 3 hours in the small 
chamber produced parallel cylinders with d = 23 nm. Annealing times in excess of 12 
hours in the small chamber produced ordered hexagonal domains at the surface of the 
film with grain sizes of approximately  0.70 µm × 0.70 µm and d = 23 nm, although the 
surface was rough (Figure 2.9B). An increase in annealing time to 18 hours in the small 
chamber showed significantly improved ordering, with highly ordered hexagonal 
domains on the surface having an average of grain size about 1.6 µm × 1.6 µm and d = 25 
nm (Figure 2.9C). The results for the smaller chamber were much better than those for 
the large chamber with 18 hours of annealing, where the latter case produced poorly 
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ordered hexagonal domains with d = 30 nm. The domains at the film surface had non-
uniform sizes and many pinhole defects (Figure 2.9D).  
The parallel cylinders shown in Figure 2.9A could be caused by the different 
surface energy of PEO and PS segments under humid MEK vapor, as this solvent 
environment is selective to PEO. The pitch d for parallel and perpendicular cylinders are 
the distance between nearest-neighbors and the distance between close-packed rows, 
respectively. Therefore, if the cylinders re-orient normal to the film with increased 
annealing time, then the d-spacing is reduced by a factor of √3/2. Such behavior is not 
observed here, which suggests that the ordered surface structure is in fact "perforations" 
rather than vertical cylinders. 
Like the case of toluene, the time required to achieve large grains is reduced with 
decreasing chamber size. However, the time scales to reach grain sizes on the order of 1 
µm² are longer than achieved with toluene. As summarized in Tables 2.2 and 2.3, the 
uptake of MEK in the film is larger than that of toluene, even though MEK is less soluble 
than toluene in PS. This is associated with the higher P
vap
 at 25⁰C of MEK compared 
with toluene. Therefore, we conclude that kinetics of ordering is suppressed because 
MEK enhances the compatibility between PEO and PS.
59-62
   Another interesting point is 
that changes in d as a function of annealing time and chamber size are consistent with 
toluene: d ranges from 23 to 25 nm in the small chamber, while d reaches 30 nm at long 
times in the large chamber (Figure 2.10).   
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Table 2.5 Annealing conditions and results for PEO-b-PS thin films in large and small chambers with MEK as annealing solvent. 
“Disordered” grain size consists of both parallel and perpendicular domains on the surface with no degree of ordering to determine 
average grain size, “=” means cylinders parallel to the surface, “┴”means hexagonally-packed domains on the surface. Average grain 
size depicts the size of continuous ordered grains in the AFM micrographs only if perpendicular or parallel domains were present.  De-
swelling time = 5 min 
Sample Chamber Size 
(Volume) 
Annealing Time Relative 
Humidity 
d (nm) Average Grain Size 
1a 1236 cm
3
 0.5 hour 88% 23 Disordered 
1b 1236 cm
3
 1 hour 89% 23 Disordered 
1c 1236 cm
3
 3 hours 88% 24 Disordered 
1d 1236 cm
3
 6 hours 90% 25 “┴”, 0.20 µm × 0.20 µm 
1e 1236 cm
3
 18 hours 90% 30 “┴”, 0.70 µm × 0.70 µm 
2a 64 cm
3
 0.5 hour 88% 23 Disordered 
2b 64 cm
3
 1 hour 89% 23 Disordered 
2c 64 cm
3
 3 hours 88% 23 “=”, 0.30 µm × 0.30µm 
2d 64 cm
3
 6 hours 90% 23 “┴”, 0.35 µm × 0.35 µm 
2e 64 cm
3
 12 hours 88% 23 “┴”, 0.70 µm × 0.70 µm 
2f 64 cm
3
 16 hours 88% 24 “┴”, 0.80 µm × 0.80 µm 
2g 64 cm
3
 18 hours 88% 25 “┴”, 1.60 µm × 1.60 µm 
  
  
39 
 
Figure 2.9 AFM height images of thin films of block copolymer PEO-b-PS processed by 
solvent annealing under MEK: Effect of annealing time (A = 2c, small chamber, 3 hr; B 
= 2e, small chamber, 12 hr; C = 2g, small chamber, 18 hr; D = 1e, large chamber, 18 hr).  
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Figure 2.10 d-spacing in PEO-b-PS thin films as a function of time. High-humidity MEK 
solvent annealing in large and small chambers (Small Chamber 2a-2g and Large 
Chamber 1a-1e) 
Next we carried out solvent annealing with PGMEA vapor. Table 2.6 summarizes 
the experimental conditions and results. When the film was annealed for 18 hours under 
PGMEA in the large chamber, but de-swelled for only 5 minutes, the films were 
characterized by parallel cylinders with d = 26 nm (Figure 2.11A). When the de-swelling 
time was increased from 5 min to 2.5 hours, disordered hexagonal domains with an 
average grain size of 0.7 µm × 0.7 µm and d = 27 nm were observed at the film surface 
(Figure 2.11B).  A long solvent annealing time in the small chamber (~20 hours) with a 
long de-swelling time (2.5 hours) generated a highly ordered film with hexagonally 
packed domains, which have an average grain size of 1.6 µm × 1.6 µm and d = 29 nm as 
shown in Figure 2.11C. When the de-swell time was kept at 2.5 hour, but the annealing 
time was decreased to 6 hours, the films exhibit hexagonally-packed domains with an 
average grain size of 0.4 µm × 0.4 µm and d = 28 nm (Figure 2.11D).   
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Table 2.6 Annealing conditions and results for PEO-b-PS block copolymer thin films in large and small chambers with PGMEA as 
annealing solvent. “Disordered” grain size consists of both parallel and perpendicular domains on the surface with no degree of 
ordering to determine average grain size.  “=” means cylinders parallel to the surface, “┴”means hexagonally-packed domains on the 
surface. Average grain size depicts the size of continuous ordered grains in the AFM micrographs only if perpendicular or parallel 
domains were present.  
Sample Chamber Size 
(Volume) 
Annealing Time De-swelling 
Time 
Relative 
Humidity 
d (nm) Average Grain Size 
1a 1236 cm
3
 0.5 hour 2.5 hours 92% 23 Disordered 
1b 1236 cm
3
 1 hour 2.5 hours 92% 23 Disordered 
1c 1236 cm
3
 3 hours 2.5 hours 92% 24 Disordered 
1d 1236 cm
3
 18 hours 5 min 92% 26 “=”, 1.1 µm × 1.1 µm 
1e 1236 cm
3
 18 hours 2.5 hours 92% 27 “┴”, 0.7 µm × 0.7 µm 
2a 64 cm
3
 0.5 hour 2.5 hours 92% 22 Disordered 
2b 64 cm
3
 1 hour 2.5 hours 92% 22 Disordered 
2c 64 cm
3
 3 hours 2.5 hours 92% 22 “┴”, 0.3 µm × 0.3 µm 
2d 64 cm
3
 6 hours 2.5 hours 92% 27 “┴”, 0.4 µm × 0.4 µm 
2e 64 cm
3
 12 hours 2.5 hours 92% 27 “┴”, 0.5 µm × 0.5 µm 
2f 64 cm
3
 20 hours 2.5 hours 92% 29 “┴”, 1.6 µm × 1.6 µm 
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Figure 2.11 AFM height images of thin films of block copolymer PEO-b-PS processed by 
solvent annealing under PGMEA: Effect of annealing time (A = 1d, large chamber, 18 hr, 
5 min de-swell; B = 1e, large chamber, 18 hr, 2.5 hr de-swell; C = 2f, small chamber, 
20hr, 2.5 hr de-swell; D = 2d, small chamber, 6hr, 2.5 hr de-swell). 
As shown in Figure 2.8, saturation time is very fast for both solvents in the small 
chamber. However, as summarized in Tables 2.2 and 2.3, the uptake of PGMEA in the 
film is much lower than that of MEK and toluene.  This is associated with the lower P
vap
 
at 25⁰C of PGMEA compared with the other two solvents. Also, the diffusivity of 
PGMEA (0.17 cm
2
/sec) compared with MEK (0.24 cm
2
/sec), and toluene (0.2 cm
2
/sec) is 
much lower. This contributes to the longer  de-swell time needed for PGMEA rather than 
MEK and toluene, since there is little solvent in the film, so when evaporation occurs 
there is not much cooling at the surface which drives water condensation on the film. 
GISAXS measurements were performed to evaluate ordering induced by the high-
humidity solvent annealing processes. Films were measured by varying the incident angle 
near the polymer’s critical angle (αc ≈ 0.16º), which produces controlled X-ray 
penetration depths in the range of 10 nm up to the full film thickness.
63
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For the first set of experiments, films were annealed in toluene using the small 
chamber for 3 hours, and then de-swelled under high humidity for 15 min. This 
corresponds to Sample 2d in Table 2.4 and Figure 2.3D. The scattering profiles recorded 
above and below the polymer’s critical angle are nearly identical (Figure 2.12). If 
perpendicular cylinders persist throughout the film thickness, then the in-plane first-order 
diffraction rod should exhibit “oscillations” with a period that is inversely proportional to 
the cylinder height (i.e., the form factor).
64, 65
 Instead, we observe a broad “streak” along 
the αf axis at all incident angles, meaning a thin surface structure is dominating the 
scattering.   
 
Figure 2.12 GISAXS measurement of films with toluene solvent annealing: (A,B) above 
the polymer’s critical angle, sampling the full film thickness; (C,D) below the polymer’s 
critical angle, sampling the top ~10 nm. 
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The symmetry of the surface structure is hexagonal, which is determined from the 
relative positions of the first- and second-order in-plane scattering peaks (1:√3). The 
distance between close-packed rows in the hexagonal lattice is approximately d = 30 nm, 
which is a few nanometers larger than AFM measurements. It is important to note that the 
√3 peak is not detected at low values of αf, which is a signature of surface scattering from 
“dimples”. This point is further discussed at the end of the GISAXS discussion 
For the second set of experiments, films were annealed in MEK using the small 
chamber for 18 hours, and then de-swelled under high humidity for 5 min. This 
corresponds to Sample 2g in Table 2.5 and Figure 2.9C. Much like the samples annealed 
in toluene, the scattering profiles recorded above and below the polymer’s critical angle 
are nearly identical, and there is no sign of perpendicular cylinders that persist throughout  
the film’s thickness (Figure 2.13). However, the in-plane symmetry is consistent with 
parallel cylinders, which is determined from the relative positions of first- and second-
order in-plane scattering peaks (1:2). The cylinder-to-cylinder distance is approximately 
d = 25 nm, which is two nanometers larger than the AFM measurement of parallel 
cylinders. There is no evidence of layering, which means there is not a complete unit cell 
(at most two layers of cylinders). Note that the second order peak is only detected at exit 
angles near the polymer’s critical angle (αf ≈ 1.2αc).  
For the final set of experiments, films were annealed in PGMEA using the small 
chamber for 20 hours, and de-swelled for 2.5 hours. This condition corresponds to 
Sample 2f in Table 2.6 and Figure 2.11C. The scattering profiles (Figure 2.14) are very 
similar to the case of toluene solvent annealing, but with the appearance of higher order 
in-plane peaks (ratios of 1:√3:√4:√7). The distance between close-packed rows is 
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approximately 29 nm, which is nearly identical to the outcomes of toluene solvent 
annealing and matches the AFM data. The improvement in lateral order makes it easier to 
see the out-of-plane structure. For example, in Figure 2.14D, it is clear that the √3 peak is  
trongest near αf  ≈ 1º. The solid pink line is a guide to eye that marks the maxima of in-
plane peaks, and this demonstrates that the surface structure has “sloped” sidewalls (γ ≈ 
30º), meaning the PEO domains have collapsed to form a “dimpled” surface.46  
 
Figure 2.13 GISAXS measurement of films by solvent annealing under MEK: (A,B) 
above the polymer’s critical angle, sampling the full film thickness; (C,D) below the 
polymer’s critical angle, sampling the top ~10 nm. 
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Figure 2.14 GISAXS measurement of films by solvent annealing under PGMEA: (A,B) 
above the polymer’s critical angle, sampling the full film thickness; (C,D) below the 
polymer’ critical angle, sampling the top ~10 nm. 
 
Both AFM and GISAXS data suggest the lattice parameter for the PEO-b-PS block 
copolymer ranges from 23 nm to 30 nm depending on the solvent, annealing time, and 
lattice symmetry (hexagonal or parallel cylinders). It is important to note that transitions 
from parallel cylinders to hexagonal order are observed in both MEK and PGMEA 
processes, and these structures have nearly the same row-to-row spacing. If the hexagonal 
surface patterns are associated with perpendicular cylinders, then the row-to- row spacing 
should be √3/2 of the parallel cylinder-to-cylinder distance. Therefore, we conclude that 
hexagonal dimples at the film surface are a result of parallel cylinders that perforate at the 
top. GISAXS results are dominated by scattering from the dimpled surface, but the data 
are consistent with the AFM measurements: the peaks from cylinders will overlap with  
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the hexagonal structure at 1 and √4.  Scheme 2.4 illustrates the proposed surface structure 
of PEO-b-PS thin films solvent annealed under high humidity.  
Scheme 2.4 Proposed surface structure of block copolymer PEO-b-PS thin films solvent 
annealed under high humidity. Pink = PEO; Green = PS.  
 
2.5 Conclusion 
We investigated high humidity solvent annealing in thin films of amphilic PEO-b-PS 
block copolymers. Using toluene solvent we reduced the annealing time from hours to 
minutes by decreasing the chamber volume to reduce the saturation time. We then 
evaluated the benign solvents MEK and PGMEA and showed that both can drive 
ordering, but they are less effective than toluene because they enhance the compatibility 
between PS and PEO segments. The combination of AFM and GISAXS data suggest that 
hexagonal domains at the polymer/air interface do not propagate throughout the thickness 
of the film. The lattice periodicity increases in each solvent environment as a function of 
time, a challenge that is apparently mitigated by use of the small annealing chamber. 
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CHAPTER 3 
HIGH QUALITY FILMS WITH SUB-10 NM FEATURE SIZES UTILIZING NOVEL 
GRAFTED AND STAR BLOCK COPOLYMERS 
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3.1 Abstract 
This chapter addresses the synthesis, characterization, and thin films self-
assembly of novel polystyrene-block-poly(ethylene oxide) (PS-b-PEO) grafted and star 
block copolymers.  These novel architectures were designed to overcome a severe 
dewetting problem in low molecular weight linear PS-b-PEO thin film systems while 
maintaining small features and pitch respectively.  Low molecular weight PS-b-PEO 
block copolymers potentially lead to minimal phase separation and increase dewetting 
due to the χN falling below 10.5 and depleted chain entanglement. One approach to 
overcome this problem with linear PS-b-PEO is to complex the block copolymer with a 
salt-additive to increase the segregation strength (χ), which in-turn increases χN. 
Although this complexation helps, it does not overcome the total dewetting occurring in 
the film. The grafted and star block copolymer architectural design overcomes dewetting 
due to their high overall total molecular weight. Thus, the increase in the number of side-
chains or arms causes enhanced chain entanglement between adjacent polymer chains to 
ensure a high quality film after annealing.  Furthermore, the relative molecular weight of 
the side chains or arms dictates the feature size and pitch of the ordered surface domains.  
3.2 Introduction 
The development of highly ordered surface patterns with decreased feature size 
and pitch is still an issue the semiconductor industry faces.  The current photolithographic 
techniques employed are reaching their lower limits due to high cost with currently used 
methods and technical difficulties.
1, 2
 Block copolymer (BCP) nanolithography is a 
promising technique to drive further miniaturization due to the nanometer-scale size of 
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structures obtained after self-assembly.
2-8
  Since the size of the nanodomains is ultimately 
defined by the molecular weight (N) of the block copolymer, decreasing the total 
molecular weight would reduce the feature sizes and also reduce χN. However, there is a 
limit as to how low in molecular weight of a linear block copolymer can be before it 
passes the order-disorder transition (ODT). A common way to overcome this problem is 
to complex the low molecular weight block copolymer with a salt additive to increase chi 
(χ), which in-turn increases the χN.9, 10  Block copolymers with high χ can utilize lower 
molecular weight polymers before the order-disorder transition (ODT) is reached.
5, 11-15
  
However, during the annealing phase, macroscopic phase separation occurs for low 
molecular weight linear block copolymers systems due to limited polymer chain 
entanglement. These issues generate the need for further exploration of other block 
copolymer architectures with enhanced chain entanglement to overcome dewetting while 
maintaining small feature sizes in thin films.  
Long-range order and orientational control has been achieved with various block 
copolymer systems through various external potentials including topographically 
patterned substrates (graphoepitaxy),
16, 17
 chemically patterned substrates 
(chemoepitaxy),
18, 19
 electric fields,
20-23
, and solvent annealing.
2, 3, 24
 Specifically, a dual-
humidity solvent annealing process using polystyrene-block- poly(ethylene oxide) (PS-b-
PEO) is a fast and cheap technique to promote long-range ordered nanostructures in thin 
films. However, for all linear block copolymers there exists a vast film dewetting during 
annealing for low molecular weight block copolymer systems.
25
 We recently found a 
lower molecular weight threshold for linear PS-b-PEO.
25
  Below a total molecular weight 
of 3000 Da (PEO 750 Da and PS 2,250 Da), the polymer film completely dewet during 
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annealing showing no feature formation from AFM measurements even after 
incorporation of a salt additive.
25
 
Grafted and star block copolymers have gained much attention due to their ability 
to form nanostructures which are impossible from their linear block copolymer 
counterparts.
26-42
  Such structures have been utilized to prepare microphase separated 
spherical, cylindrical and lamellae structures with domain size below 100 nm in various 
applications.
43-45
  These block copolymer systems can potentially provide access to 
microphase structures of A-B diblock copolymers.  The grafted and star block copolymer 
systems contain linking components as A-B linear diblock copolymers as side-chains 
(grafted BCP), and arms (star BCP) to avoid dewetting during a solvent annealing 
process by offering increased chain entanglement between adjacent polymer chains. 
Specifically, due to the confinement of the component block copolymers to a common 
backbone (grafted BCP) or a central core (star BCP). The A and B blocks on the polymer 
side-chain form microphase separated domains, thus, providing access to the microphase 
structures of A-B diblock, while surpassing the lower limit of feature sizes obtainable by 
linear A-B diblock. Scheme 3.1 illustrates the chemical compositions of the three types of 
block copolymers to target sub 10 nm and 20 nm feature size and pitch respectively.  All 
three types of architectures were designed using PEO-b-PS sub units to take advantage of 
dual humidity solvent annealing to induce lateral ordering. 
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Scheme 3.1 Grafted and Star Block Copolymers derived from Linear PS-b-PEO 
Herein, we describe the synthesis, characterization and thin-film studies of novel 
grafted and star block copolymers prepared via a combination of atom transfer radical 
polymerization (ATRP), ring-opening metathesis polymerization (ROMP), and copper-
catalyzed “click” reactions. Specifically, we have utilized grafted and star block 
copolymers in which the side-chains and arms consist of low molecular weight PEO-b-PS 
diblock copolymers to prepare films with feature sizes below what is possible for the 
linear diblock copolymer analogues. While macrophase separation led to dewet films for 
linear diblock copolymers with the same molecular weight as the grafted and star 
copolymer side-chains and arms, the grafted and star block copolymers systems retained 
high quality films due to their overall higher molecular weight. This could increase in 
chain entanglement between adjacent polymer chains.  Furthermore, the feature sizes of 
the microphase separated structures of grafted and star block copolymer systems were 
similar to those of the linear diblock copolymer analogues, suggesting that for grafted and 
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star block copolymer systems with low backbone lengths and low number of arms, the 
block copolymer on the side-chain or arms determines the feature sizes upon self-
assembly, while the total molecular weight dictates the segregation strength (χN) and 
ensures the microscopic phase separation still above the order-disorder transition (ODT).  
3.3 Experimental Section 
3.3.1 Materials 
Sodium azide, and ethyl vinyl ether (EVE, 99%) were from Acros Organics. 
Tetrahydrofuran (THF) and N,N-dimethylformamide (DMF) were dried over molecular 
sieves and distilled before use. Styrene was passed through a basic alumina column 
before use. N,N,N’,N”,N”-pentamethyldiethylenetriamine (PMDETA, Aldrich) and 
triethylamine (Et3N, 99%, Aldrich) were distilled before use. Cu(I)Br (99.999% Aldrich), 
Dipentaerythritol hexakis(2-bromoisobutyrate) (Aldrich) and 2-bromoisobutyryl bromide 
(Aldrich) were used as received.  Grubbs 3
rd
 generation catalyst, N-[3-Hydroxylpropyl]-
cis-5-Norbornene-exo-2,3-Dicarboximide (NPH), and 5-hexynoic acid chloride were 
prepared according to previous reports.
46-48
 All other reagents and solvents were 
purchased from Sigma Aldrich or Alfa Aesar and used as received. 
3.3.2 Characterization 
Gel permeation chromatography (GPC) was performed at 50 °C on a Varian 
system equipped with a Varian 356-LC refractive index detector and a Prostar 210 pump. 
The columns were STYRAGEL HR1, HR2 (300 × 7.5 mm) from Agilent. HPLC grade 
DMF was used as eluent flow rate of 1.0 mL/min. Polystyrene standards were used for 
calibration. DMF and samples were filtered through micro-filters with a pore size of 0.2 
µm (Teflon, 17 mm Syringes Filters, National Scientific, USA).  FT-IR spectra were 
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recorded on a PerkinElmer Spectrum 100 FT-IR spectrometer equipped with a Universal 
ATR sampling accessory.
 1
H NMR (300 MHz) spectra was recorded on a Bruker 300 
spectrometer with tetramethylsilane (TMS) as an internal reference.  
3.3.3 Atomic Force Microscopy 
Atomic force microscopy (AFM) was performed using a Multimode Nanoscope V 
system (Bruker, Santa Barbara, CA). Tapping mode AFM was used to map the 
topography by tapping the surface using an oscillating tip. The measurements were 
performed using commercial Si cantilevers with a nominal spring constant and resonance 
frequency at 20–80 N m− 1 and 230–410 kHz, respectively (TESP, Bruker AFM Probes, 
Santa Barbara, CA).   
3.3.4 Preparation of Thin Films 
A grafted and star block copolymer (1.5 wt %) toluene solution was spin coated 
(3000 RPM, 60 s) onto oxidized silicon substrates (100 nm thick thermal oxide). The thin 
films were annealed in a glove box under controlled humidity with toluene as the solvent. 
All films were saturated with solvent vapor in a chamber before exposure in the humid 
glove box. Grain sizes were determined by measuring areas of complete grains from at 
least five different micrographs to calculate an average grain size.  The lateral grain size 
reported in this manuscript is defined as the diameter of a circle or equal area. Film 
thicknesses were measured with a J.A. Woollam spectroscopic ellipsometer with an 
incident angle of 70°. All film thicknesses were in the range of 55 to 65 nm. 
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3.3.5 Synthesis of Grafted Monomers and Polymers 
Norbornene-terminated ATRP initiator (N-[3-propyl-2-bromo-2-methylproponate]-
cis-5-Norbornene-exo-2,3-Dicarboximide, (NP-Br, 2).  
 
NPH (1, 0.31 g, 1.4 ×10
-3
 mol) was added to a 100 mL round bottom flask equipped with 
a stir bar and purged with nitrogen. Dry tetrahydrofuran (25 mL) was added and the 
reaction was cooled to 0 °C before triethylamine (0.39 mL, 2.8 ×10
-3
 mol) was added.  A 
solution of 2-bromoisobutyryl bromide (0.26 mL, 2.1 ×10
-3
 mol) in dry tetrahydrofuran 
(15 mL) was added dropwise to the cooled solution.  The solution was stirred at 0 °C for 
30 minutes, then at room temperature overnight. The mixture was filtered and 
concentrated to dryness. The solids were then dissolved in DCM.  The DCM was 
extracted with deionized H2O twice. The aqueous layers were combined and extracted 
with DCM three times. The organic layers were combined, dried over anhydrous sodium 
sulfate, filtered, concentrated, and the products were separated using column 
chromatography (silica gel, eluent: DCM). The product was collected, concentrated, and 
vacuum dried. Yield: 0.40 g, 76.9%. 
1
H NMR (300 MHz, CD2Cl2): δ (ppm) 6.30 (s, 2H, 
CH=CH), 4.15 (t, 2H, CH2CH2OC(O)), 3.59 (t, 2H, NCH2CH2), 3.33 (s, 2H, CHC(O)N), 
2.69 (s, 2H, CH2CH), 1.88-2.08 (m, 8s, CH2CH2CH2 + (CH3)2C(O)), 1.51 and 1.23 (dd, 
2H, CH2CH).  FT-IR (cm
-1
): 2980, 1760, 1690, 1465, 1440, 1390, 1340, 1110, 1170, 890, 
720. 
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Bromide-terminated NP-polystyrene (NP-PS-Br, 3). 
 
Copper (I) bromide (1 eq.) was charged into a 10 mL schlenk line flask and purged with 
nitrogen. NP-Br (2, 1 eq.), styrene (n eq.), and N,N,N’,N’’,N’’-
pentamethyldiethylenetriamine (PMDETA, 1.5 eq.) were added to a 5 mL pearl shaped 
flask, degassed by bubbling nitrogen through the solution for 20 minutes, and transferred 
to the schlenk line flask. The solution was then allowed to stir at room temperature for 20 
minutes before a sample was taken for NMR analysis. The schlenk line flask was then put 
to an oil bath preheated to 90
 
°C. The polymerization was monitored by 
1
H NMR and the 
reaction was stopped at the desired monomer conversion by cooling in an ice bath and 
then diluting the solution with THF. The solution was then precipitated into methanol 
twice.  The solid white product was collected by filtration and vacuum dried.
 1
H NMR 
(300 MHz, CD2Cl2) δ (ppm): 6.35-7.33 (br, ArH), 6.30 (s, 2H, CH=CH), 3.59 (t, 2H, 
NCH2CH2), 3.33 (s, 2H, CHC(O)N), 2.69 (s, 2H, CH2CH), 1.0-2.4 (br, -CH2CH-).  FT-IR 
(cm
-1
): 3090, 3050, 3020, 2960, 2840, 1700, 1590, 1490, 1460. 
Azide-terminated NP-polystyrene (NP-PS-N3, 4).  
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The terminal bromide groups were converted to azide groups through reaction with NaN3 
in DMF as previously reported.
46
  
1
H NMR (300 MHz, CD2Cl2): δ (ppm) 6.35-7.33 (br, 
ArH), 6.30 (s, 2H, CH=CH), 3.59 (t, 2H, NCH2CH2), 3.33 (s, 2H, CHC(O)N), 2.69 (s, 
2H, CH2CH), 1.0-2.4 (br, -CH2CH-).  FT-IR (cm
-1
):  3090, 3050, 3020, 2960, 2840, 2100, 
1700, 1590, 1490, 1460. 
Alkyne-terminated poly(ethylene oxide) (PEO-alkyne,5). 
 
Polyethylene glycol monomethyl ether (1 eq.) was dissolved in 30 mL dry THF and the 
flask was purged with nitrogen.  Triethylamine (1.5 eq.) was added and the solution was 
cooled to 0 °C.  A solution of 5-hexynoic acid chloride (1.5 eq.) in 10 mL dry THF was 
added over 30 minutes.  After stirring at room temperature overnight, the reaction 
mixture was filtered and concentrated to dryness.  The solids were dissolved in 
dichloromethane and extracted with water twice. The aqueous layers were combined and 
extracted with dichloromethane three times.  The organic layers were combined and 
stirred over anhydrous sodium sulfate. The solution was filtered, concentrated, and 
precipitated into diethyl ether three times. The product was collected by centrifuge and 
vacuum dried. 
1
H NMR (300 MHz, CD2Cl2): δ (ppm) 4.22 (t, 2H, CH2CH2COC(O)), 3.4-
3.8 (m, -OCH2CH2-), 3.35 (s, 3H, -OCH3), 2.48 (t, 2H, C(O)CH2CH2), 2.25 (td, 2H, 
CH2CH2C≡CH), 2.02 (t, 1H, C≡CH), 1.84 (quin, 2H, CH2CH2CH2).  FT-IR (cm
-1
): 3290, 
3070, 2880, 1710, 1450, 1290. 
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Norbornene-terminated diblock copolymer PS-b-PEO (NP-g-(PS-b-PEO), 6).   
 
Cu(I)Br (0.1 eq.) was charged into a round bottom flask and purged with nitrogen. PEO-
alkyne (5, 2 eq.), NP-PS-N3 (4, 1 eq.), and PMDETA (0.15 eq.) were added to a pear 
shaped flask, dissolved in THF, and bubbled with nitrogen for 30 minutes. The mixture in 
the pear shaped flask was transferred to the round bottom flask and stirred at 40 °C 
overnight. The reaction mixture was then concentrated to dryness, dissolved in 
dichloromethane, and extracted with water three times. The organic layer was dried over 
anhydrous sodium sulfate, filtered, and concentrated. The solution was then precipitated 
into methanol two times. The product was collected by centrifuge and vacuum dried 
overnight. 
1
H NMR (300 MHz, CD2Cl2): δ (ppm) 6.35-7.33 (br, ArH), 6.30 (s, 2H, 
CH=CH), 4.22 (t, 2H, CH2CH2COC(O)), 3.4-3.8 (m, -OCH2CH2-), 3.35 (s, 3H, -OCH3),  
2.69 (s, 2H, CH2CH), 2.48 (t, 2H, C(O)CH2CH2), 1.0-2.4 (br, -CH2CH-).  FT-IR (cm
-1
): 
3090, 3050, 3020, 2960, 2840, 1700, 1590, 1490, 1460. 
Grafted block copolymer poly(norbornene-graft-(PS-b-PEO)) (PNP-g-(PS-b-PEO), 
7).  
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Grubbs 3
rd
 generation catalyst (1 eq.) and anhydrous DMF (1 mL) were added to a 
schlenk line flask and bubbled with nitrogen for 10 minutes.  NP-g-(PS-b-PEO) (6, p eq.) 
was added to a pear shaped flask, dissolved in DMF (4 mL), and bubbled with nitrogen 
for 10 minutes.  The mixture in the pear shaped flask was transferred to the schlenk line 
flask and stirred at 60 °C.  The polymerization was monitored by GPC and terminated by 
addition of ethyl vinyl ether (5 equiv.) when all macromonomer 6 was consumed. The 
reaction mixture was precipitated into diethyl ether two times. The solid product was 
collected by centrifuge and vacuum dried overnight.  
1
H NMR (300 MHz, CD2Cl2): δ 
(ppm) 6.35-7.33 (br, ArH), 5.42 and 5.60 (br, CH=CH), 4.22 (br, CH2CH2COC(O)), 3.4-
3.8 (m, -OCH2CH2-), 3.35 (br, -OCH3),  2.69 (br, CH2CH), 2.48 (br, C(O)CH2CH2), 1.0-
2.4 (br, -CH2CH-). 
3.3.6 Synthesis of Star Monomers and Polymers 
Bromine-terminated 6f-BiB-polystyrene (PS-Br, 9).  
 
Copper(I) bromide (1 eq.) was charged into a 10 mL schlenk line flask and purged with 
nitrogen.  Dipentaerythritol hexakis(2-bromoisobutyrate) (8) (1 eq.), styrene (n eq.), and 
N,N,N’,N’’,N’’-pentamethyldiethylenetriamine (PMDETA, 1.5 eq.) were added to a 5 mL 
pearl shaped flask, degassed by bubbling nitrogen through the solution for 20 minutes, 
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and transferred to the schlenk line flask. The solution was then allowed to stir at room 
temperature for 20 minutes before a sample was taken for NMR analysis. The schlenk 
line flask was then added to an oil bath preheated to 90 °C. The polymerization was 
monitored by 
1
H NMR and the reaction was stopped at the desired monomer conversion 
by cooling in an ice bath and then diluting the solution with THF. The solution was then 
precipitated into methanol twice. The solid white product was collected by filtration and 
vacuum dried.
   1
H NMR (300 MHz, CDCl3): δ (ppm) 6.35-7.33 (br, ArH), 6.30 (s, 2H, 
CH=CH, 1.0-2.4 (br, -CH2CH-).  
Azide terminated 6f-BiB-polystyrene (PS-N3, 10). 
 
The terminal bromine groups were converted to azide groups through reaction with NaN3 
in DMF as previously reported.
46
  
1
H NMR (300 MHz, CDCl3): δ (ppm) 6.35-7.33 (br, 
ArH), 1.0-2.4 (br, -CH2CH-).  FT-IR (cm
-1
):  2100. 
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6f-BiB-Star diblock copolymer PS-b-PEO (PS-b-PEO), 11).  
 
Cu(I)Br (0.1 eq.) was charged into a round bottom flask and purged with nitrogen.  PEO-
alkyne (5, 2 eq.), 6f-BiB-PS-N3 (9, 1 eq.), and PMDETA (0.15 eq.) were added to a pear 
shaped flask, dissolved in THF, and bubbled with nitrogen for 30 minutes.  The mixture 
in the pear shaped flask was transferred to the round bottom flask and stirred at 40 °C 
overnight. The reaction mixture was then concentrated to dryness, dissolved in 
dichloromethane. The solution was then precipitated into methanol two times.  The 
product was collected by centrifuge and vacuum dried overnight. 
1
H NMR (300 MHz, 
CD3Cl3): δ (ppm) 6.35-7.33 (br, ArH), 4.22 (t, 2H, CH2CH2COC(O)), 3.4-3.8 (m, -
OCH2CH2-), 3.35 (s, 3H, -OCH3),  2.69 (s, 2H, CH2CH), 2.48 (t, 2H, C(O)CH2CH2), 1.0-
2.4 (br, -CH2CH-).   
3.4 Results and Discussion    
To prepare grafted and star block copolymers, similar synthetic routes were used, 
taking advantage of aforementioned controlled polymerization techniques and the 
copper-catalyzed Huisgen cycloaddition reaction.  All architectures contained linear PS-
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b-PEO block copolymer as side-chains or arms. Figure 3.1 shows the synthetic routes of 
the grafted (Figure 3.1A) and star (Figure 3.1 B) copolymers.  
Figure 3.1 (A) Synthesis of Grafted Block Copolymer (PNP-g-(PS-b-PEO) (B) Synthesis 
of Star Block Copolymer 6f-PS-b-PEO. 
 
As shown in Figure 3.1A, the synthesis of grafted block copolymer began by 
preparing a norbornene ATRP initiator (2) through an esterification reaction between 
norbornene alcohol (1) and 2-bromoisobutryl bromide in the presence of triethyl amine. 
NP-Br (2) was used to polymerize styrene through ATRP using Cu(I)Br and PMDETA as 
the catalyst system at 90 °C.  The molecular weight of polystyrene was monitored by 
1
H 
NMR (Figure 3.2A). The monomer conversion was obtained by calculating the decrease 
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of the vinyl peaks at 5.74 and 5.22 ppm to the aromatic peaks at 6.00 and 7.40 and the 
reaction was stopped at the desirable conversion.  The molecular weight and dispersity 
are provided in Table 3.1. Displacement of the terminal bromide in NP-PS-Br (3) with 
sodium azide in DMF afforded NP-PS-N3 (4). Furthermore, PEO-alkyne (5) (Mw-2000 
Da) and NP-PS-N3 (4) was coupled in a copper-catalyzed “click” reaction using Cu(I)Br 
and PMDETA as the catalyst system to afford linear NP-g-(PS-b-PEO) (6). Linear block 
copolymer (6) was confirmed by 
1
H NMR (Figure 3.2A), and GPC (Figure 3.2B) Finally, 
ROMP was carried out on the linear block copolymer (6), using Grubbs 3
rd
 generation 
catalyst in DMF.  The polymerization was monitored by GPC (Figure 3.2B), and was 
quenched with ethyl vinyl ether once all macromonomer was consumed. PNb20-g-(PS64-
b-PEO45) (7) was confirmed by 
1
H NMR (Figure 3.2A) through the disappearance of the 
monomer alkene protons at 6.30 ppm and through GPC (Figure 3.2B) that showed a clean 
shift to higher molecular weight. The polymer compositions are given in Table 3.1. 
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Figure 3.2 
1
H NMR spectra (A) and GPC traces (B) of grafted polymers. 
In a similar fashion as shown in Figure 3.1B, the star block copolymer began with 
synthesis of PS-Br (9), by ATRP of styrene using commercially available 
dipentaerythritol hexakis (8), and Cu(I)Br and PMDETA as the catalyst system at 90 °C. 
Again, PEO-alkyne (5) (Mw-2000 Da) and PS-N3 (10) was coupled in a “click” reaction 
to afford 6-arm-(PS-b-PEO) (11). The 6-arm star block copolymer (11) was confirmed 
through 
1
H NMR (Figure 3.3A) and GPC (Figure 3.3B).  The polymer compositions are 
given in Table 3.1. 
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Figure 3.3 
1
H NMR spectra (A) and GPC traces (B) of star block polymers 
Solvent annealing of PEO-b-PS diblock copolymers reported by other groups with 
the use of MW PEO = 2,000 g/mol and a weight percent close to 25% observed no 
microphase separation.
9, 10
 This is due to the low the product of Flory-Huggins interaction 
and the degree of polymerization (χN). For PEO-b-PS systems, χ can be described by 
Equation3.1: 
χPS-b-PEO = -0.007 + 21.3/T            (Equation 3.1) 
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where T is the temperature.
49
 In our study on the linear block copolymer (MWtotal = 8450 
g∙mol-1), where χN ~8.11, (Table 3.1; linear block copolymer) we also observed no 
microphase separation.
25
 This agrees with a previous report as weak microphase 
separated structures were observed for a PEO-b-PS polymer with χN ~16.8 and no 
microphase separated structures were observed when χN ~10.7.10 Early work reported the 
increase of segregation strength, χ, by complexing the ether linkages in PEO domains 
with a salt additive (LiCl).
9, 10
 This resulted in an apparent increase in χ by the formation 
of highly ordered microphase separated films. When the ether linkages in PEO complex 
with Li
+, the χ between PEO/Li and PS blocks increased due to the ionic nature of 
PEO/Li block. Furthermore, the lithium atoms can loosely coordinate between multiple 
PEO chains.
2, 10
   
Self-assembly of grafted and star PEO-b-PS block copolymers in thin films were 
systematically studied and compared to the above-mentioned linear PS-b-PEO block 
copolymer. Solutions (1.5 wt%) of linear, grafted (7), and star (11) block copolymers in 
toluene were spun-cast onto silicon substrates and subsequently subjected to high-
humidity solvent annealing to control orientation (Scheme 3.2). Annealing was conducted 
under a saturated toluene atmosphere overnight before exposure to a high relative 
humidity (RH) for 15 minutes (> 90% RH). The thin films were characterized by both 
optical microscopy and atomic force microscopy (AFM).  
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Scheme 3.2 A humidity-controlled solvent annealing process for block copolymer PEO-
b-PS in thin films. 
 
Hexagonally-packed surface domains with long-range order (2 µm × 2 µm) were 
obtained for all architectures (linear, grafted (7), and star (11)) (Figure 3.4A-C). All 
systems contained PEO with a molecular weight of 2000 Da. The grafted and star block 
copolymers counterparts (side-chains and arms) had nearly the same molecular weight as 
total molecular weight of the linear block copolymer (MWtotal~8,700) with nearly 
identical PEO wt% = 24.0% (Table 3.1).  Remarkably, the feature size (≈ 10 nm) and 
pitch (≈ 20 nm) of the hexagonally packed surface domains in both grafted (7) and star 
(11) block copolymers were the same as what was observed for the linear block 
copolymer complexed with LiCl. This demonstrates that when the length of the backbone 
or the number of arms is kept sufficiently low (< 20 repeat units), the feature size and 
pitch of the microphase separated structures are dictated by the block copolymers grafted 
onto the side chains of the polymer brush or as the extending arms on the star polymer. 
   
 
7
2
 
Table 3.1: Characteristics of Block Copolymer Architectures 
Sample MW of 
BCP 
(g/mol) 
MW of 
PEO 
(g/mol) 
MW of PS 
(g/mol) 
Wt. % 
PEO 
Diameter 
(nm) 
Pitch (nm) Average 
Grain Size 
DP 
Backbone 
χN 
Linear 
BCP  
8450 2000 6450 23.7% 10 20 2 ˟ 2 µm Na 8.48 
Grafted 
BCP 
 
173,800 2000 6690 23.0% 10 20 2 ˟ 2 µm 20 Max: 
172.8 
Star BCP 
 
48,000 2000 5833 25.5% 10 20 2 ˟ 2 µm 6 Max: 48.0 
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Figure 3.4 AFM and optical images of (A) linear, (B) grafted, and (C) star block   
copolymer 
 
Another challenge we like to address is related with the stability of films of block 
copolymers.  When the linear block copolymer was complexed with LiCl, there was still 
vast dewetting throughout the film as shown in Figure 3.4A (optical image). The additive, 
to an extent, allows for enhanced chain entanglement, as the lithium atoms serve as a type 
of binding agent between adjacent polymer chains. However, it seems the interactions are 
limited in increasing the entanglement from the dewetting observed. Astonishingly, the 
grafted and star block copolymers retained high quality films after solvent annealing as 
seen in Figure 3.4B and 3.4C (optical image). This comparison suggests the increase in 
overall molecular weight for the grafted and star block copolymers minimizes dewetting 
due to increased chain entanglement between adjacent polymer chains. As seen in Table 
3.1, the χN values for the grafted and star are well above that of the linear block 
copolymer, and that each system has high chain entanglement which in turn helps with 
film stability.  
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3.5 Conclusion 
In conclusion, we prepared grafted and star block copolymers with PS-b-PEO 
diblock copolymers as the side-chains and arms respectfully.  By keeping the length of 
polymer backbone low or the number of arms low, the polymer films formed highly 
ordered hexagonally-packed surface domains of PEO within a matrix of PS upon solvent 
annealing.  The feature sizes of grafted and star block copolymer systems were very close 
to those of the linear diblock copolymer complexed with LiCl, suggesting the block 
copolymer on the side-chain or arms determines the feature sizes. Furthermore, the high 
overall molecular weight prevents the macroscopic phase separation and retains highly 
quality films after solvent annealing. These novel architectures provide a solution to 
overcome decreasing feature size and pitch while maintaining high quality films. 
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CHAPTER 4 
SYMMETRIC POLY(2-VINYLPYRIDINE-B–STYRENE-B-ISOPRENE) TRIBLOCK 
COPOLYMERS: SYNTHESIS, CHARACTERIZATION, AND SELF-ASSEMBLY IN 
BULK AND THIN FILMS 
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4.1 Abstract 
The synthesis, characterization, and self-assembly of a series of linear poly(2-
vinylpyridine-b-styrene-b-isoprene) (P2VP-PS-PI or ISP) triblock copolymers is 
reported.  The triblock copolymer contained nearly equal volume fractions of end blocks 
P2VP and PI (fP2VP ≈ f PI), but varied in composition in the middle block PS (fPS ≈ 0.67-
0.80). A series of alkyne functionalized poly(2-vinylpyridine-b-styrene) diblock 
copolymers were prepared by reversible-addition fragmentation chain transfer 
polymerization (RAFT) with different molecular weight styrene fractions. Monohydroxy-
terminated poly(cis-1,4-isoprene) was first azide functionalized and then attached with 
the alkyne terminated P2VP-PS block copolymer via a copper catalyzed azide alkyne 
cycloaddition reaction to produce the triblock copolymer P2VP-PS-PI. Bulk and thin film 
morphology was studied using small angle X-ray scattering (SAXS), atomic force 
microscopy (AFM), transmission electron microscopy (TEM), and grazing incidence 
small angle X-ray scattering (GISAXS).  Even though analysis showed promising results  
with the formation of microdomains, more analysis needs to be carried out on these 
systems before a true understanding of the self-assembly process occurring in these 
systems is achieved. Furthermore, this series of triblock copolymers provide a good 
foundation for further research to be conducted for this project.  
4.2 Introduction 
Block copolymers (BCP) are an intriguing class of polymers due to their ability to 
microphase separate into a variety of morphologies depending on their molecular 
characteristics.
1-3
  The thermodynamic immiscibility between the blocks drives the self-
assembly within the polymeric material.  These polymers can self-assemble into various 
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morphologies (sphere, cylinders, lamella, etc.) with tuned periodicity in the range of 10-
100 nm.
2-5
 The ability of these materials to produce ordered nanostructures with varying 
periodicity enables them to be considered for numerous applications such as: photonic 
crystals, microelectronic templates, separation membranes, etc.
6-11
 The phase behavior of 
block copolymers is controlled through three experimental parameters; Flory-Huggins 
interaction parameter (χ), degree of polymerization (N, total molecular weight), and 
volume fraction of each block (f).
12-18
  The morphologies are primarily determined 
through f, while χN determines feature size and periodicity.  When χN is greater the than 
the order-disorder transition (ODT), diblock copolymers can assemble into body-center 
cubic spheres, hexagonally packed cylinders, double gyroid structures, and lamella 
depending on f.
1, 3-5, 19
  
A-B diblock copolymers have one binary interaction parameter, one volume 
fraction, and a single block sequence and have been extensively studied over the past 
decades to understand the self-assembly process.
2-5
  Even though A-B diblock 
copolymers yield interesting self-assembled features, it is important to research other 
novel block copolymers systems to yield other ordered morphologies.
2, 3
  Specifically, 
linear A-B-C triblock copolymers are an intriguing class of polymers due to their 
numerous obtainable morphologies, such as tetragonal lattices of cylinders, bi and tri-
continuous mesophases, and periodic arrays of core shell spheres and cylinders.
2, 20-47
  
Unlike A-B diblock copolymers, linear A-B-C triblock copolymers have three distinct 
interaction parameters, two independent volume fractions, and three different block 
sequences that enable great diversity in morphology.
2, 24, 31-33, 35, 44, 48-51
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Symmetric ABC triblock copolymers have been explored to produce superlattice 
structures with integrated A and C segments.
28
  The structures include tetragonally 
packed cylinders, spheres, and three-phase, four-layer lamella.
32, 33
 Specifically, great 
work on the symmetric ABC triblock copolymer was introduced by Mogi et al., where 
the triblock copolymer consisted of polyisoprene (PI), poly(2-vinylpyridine) (P2VP), and 
polystyrene (PS) (ISP).
32, 33
 Numerical, self-consistent theory (SCFT) predicts symmetric 
ABC triblock copolymers can form cylindrical superlattice structures in bulk if Flory-
Huggins interaction parameter (χ) satisfy χAB = χBC <<<χAC.
31, 35, 39
 This fundamental 
prediction was confirmed through early work from above mentioned Mogi and 
coworkers, which reported their block copolymer system produced alternating cylinders 
of PI and P2VP as square arrays after self-assembly.
32, 33
  In 2008, Tang et al., observed 
square packing of core shell spheres from poly(ethylene oxide)-b-poly(methyl 
methacrylate)-b-polystyrene ABC triblock copolymers.
44
 Furthermore, Ross, Manners 
and coworkers attempted to produce square arrays of cylinder using polyisoprene-b-
polystyrene-b-polyferrocenylsilane in thin films, however their systems were a mixture of 
hexagonal and square backed cylinders.
26, 43
 Recently, Tang and coworkers, observed 
hexagonal packing of spheres from poly(ethylene oxide)-b-polystyrene-b-polyisoprene, 
as the PEO domains were in a matrix of mixed PS/PI.
52
  The contribution from Tang’s 
previous work prompted this work to target square arrays using another triblock 
composition.  
Herein, we designed, synthesized, and characterized a series of linear poly(2-
vinylpyridine)-b-polystyrene-b-polyisoprene (P2VP-PS-PI or ISP) triblock copolymers 
containing nearly equal volumes of P2VP and PI (fP2VP ≈ f PI), but varied in composition in 
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PS (fPS ≈ 0.67-0.80) that are designed to fall in the spherical or cylindrical 
morphologies.
4, 32, 33
 The triblock copolymer was synthesized through a combination of 
reversible-addition fragmentation chain transfer polymerization (RAFT) and copper (I)-
catalyzed azide-alkyne cycloaddition reaction.
53-58
 Studies were carried out on both bulk 
and thin films. Bulk studies were done after thermal annealing for 7 days and thin film 
studies was done after solvent annealing.  Analysis was conducted using atomic force 
microscopy (AFM), small angle X-ray scattering (SAXS), TEM, and gazing incidence 
small angle scattering (GISAXS). Bulk samples characterized by SAXS, showed insight 
to phase separation, however, results were rather ambiguous. Furthermore, thin films 
exhibit order domains at the surface via AFM and TEM measurements.  More studies 
need to be carried out before a definitive assumption can be made on the self-assembly of 
this system.      
4.3 Experimental Section 
4.3.1 Materials 
4-Cyano-4-(phenylcarbonothioylthio) pentanoic acid (97%, CPPA) was 
purchased from Aldrich and used directly.  Hydroxy terminated Polyisoprene (1, 4 
addition) was purchased from Polymer Source and used as received. Sodium azide was 
purchased from Acros Organics. Tetrahydrofuran (THF) and N,N-dimethylformamide 
(DMF) were dried over molecular sieves and distilled before use. Styrene was passed 
through a basic alumina column before use. 2-vinyl pyridine was passed through a basic 
alumina column and distilled before use (2VP, Alfa Aesar). N,N,N’,N”,N”-
pentamethyldiethylenetriamine (PMDETA, Aldrich) and triethylamine (Et3N, 99%, 
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Aldrich) were distilled before use. Cu(I)Br (99.999% Aldrich) and all other reagents and 
solvents were purchased from Sigma Aldrich or Alfa Aesar and used as received. 
4.3.2 Characterization 
Gel permeation chromatography (GPC) was performed at 50 °C on a Varian 
system equipped with a Varian 356-LC refractive index detector and a Prostar 210 pump. 
The columns were STYRAGEL HR1, HR2 (300 × 7.5 mm) from Agilent. HPLC grade 
DMF was used as eluent flow rate of 1.0 mL/min. Polystyrene standards were used for 
calibration. DMF and samples were filtered through micro-filters with a pore size of 0.2 
µm (Teflon, 17 mm Syringes Filters, National Scientific, USA).  FT-IR spectra were 
recorded on a PerkinElmer Spectrum 100 FT-IR spectrometer equipped with a Universal 
ATR sampling accessory.
 1
H NMR (300 MHz) spectra was recorded on a Bruker 300 
spectrometer with tetramethylsilane (TMS) as an internal reference. Transmission 
electron microscopy (TEM) was conducted using a Hitachi 8000 TEM was applied to 
take images at an operating voltage of 150 kV.  
4.3.3 Atomic Force Microscopy 
Atomic force microscopy (AFM) was performed using a Multimode Nanoscope V 
system (Bruker, Santa Barbara, CA). Tapping mode AFM was used to map the 
topography by tapping the surface using an oscillating tip. The measurements were 
performed using commercial Si cantilevers with a nominal spring constant and resonance 
frequency at 20–80 N m− 1 and 230–410 kHz, respectively (TESP, Bruker AFM Probes, 
Santa Barbara, CA).   
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4.3.4 Small-Angle X-ray Scattering  
Small-angle scattering (SAXS) experiments were conducted using SAXS LAB 
Ganesha at the South Carolina SAXS center of the University of South Carolina. A 
Xencos GeniX3D mircofocus source was used with a copper target to generate a 
monochromic beam with 0.154 nm wavelength. The instrument was calibrated using a 
silver behenate reference with the first ordering scattering vector q* = 1.076 nm
-1
, where 
q = 4 πλ-1 sin θ with total scattering angle of 2 θ. A 300 K Pilatus detector (Dectris) was 
used to collect the two dimensional (2D) SAXS patterns. Radial integration of 2D 
patterns reduced the data to 1D profile. Polymer bulk sample were fixed to a mount such 
that only the sample was measured at the exclusion of any mounting tape. All data were 
acquired for ~3 hours at room temperature with incident X-ray flux pf ~1.5 M photons 
per second.  
4.3.5 Grazing Incidence Small-Angle X-ray Scattering 
Grazing incidence small-angle X-ray scattering (GISAXS) experiments were 
conducted using SAXS LAB Ganesha at the South Carolina SAXS Collaborative, 
University of South Carolina. The station at GI is equipped with a high flux X-ray beam 
of ~1.5 M photons per s.  A Xenocs Genix3D microfocus source was used with a copper 
target to generate a monochromatic beam with a 0.154 nm wave length. A 300K Pilatus 
detector (Dectris) was used to collect the 2D SAXS pattern. All images were taken at 
incident angle (αi) that varied from 0.14 to 0.26°, which is both below and above critical 
angle (αcp) of the polymer film.  
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4.3.6 Preparation of Bulk Films 
P2VP-PS-PI triblock copolymers were obtained by casting a 4% (w/v) polymer 
solution in tetrahydrofuran and slowly evaporating the solvent over a period of 3 days. 
The resulting films were thermally annealed under vacuum for 7 days at 150 °C and 
characterized by small-angle X-ray scattering. 
4.3.7 Preparation of Thin Films 
The P2VP-PS-PI triblock copolymer (1.5 wt %) toluene solution was spun cast 
(3000 RPM, 60 s) onto native oxide silicon substrates. The thin films were annealed in a 
covered jar at room humidity with toluene as the solvent. All films were saturated with 
solvent vapor in a chamber before exposure to the room humidity. Film thicknesses were 
measured with a J.A. Woollam spectroscopic ellipsometer with an incident angle of 70°. 
All film thicknesses were in the range of 55 to 65 nm. 
4.3.8 Synthesis 
Modification of 4-Cyano-4-(phenylcarbonothioylthio) pentanoic acid RAFT agent 
(RAFT-Alkyne): 4-Cyano-4-(phenylcarbonothiolthio) pentanoic acid (CPPA) was 
modified to afford an acetylene functionalized RAFT agent.
59
  The modification 
proceeded through a DCC coupling reaction. CPPA (0.5 g, 1.75×10
-2
 mol), propargyl 
alcohol (0.19 mL, 3.3×10
-2 
mol), 4-dimethylaminopyridine (DMAP, 0.041g, 3.36×10
-4 
mol), and DCM (25 mL) were introduced into a round bottom flask and purged with 
nitrogen for 30 minutes.  The solution was then cooled to 0
 
°C, and a mixture of DCM (1 
mL) and N, N
’
-Dicyclohexylcarbodiimide (DCC; 0.69 g, 3.3×10
-2 
mol) was added 
dropwise over 30 minutes. After the overnight reaction at room temperature, the reaction 
was concentrated, and column chromatography was used to separate the products.  The 
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final product was then concentrated and dried. 
1
H NMR (300 MHz, CDCl3, δ (ppm):  
7.20-7.70 (ArH), 4.2 (d, 2H, -OCH2CH-), 3.00 (s, -CCH-), 2.82 (t, -CCH2CH2CO-), 2.35 
(t, -CCH2CH2CO-), 1.73 (s, -SCCNCH3). 
Modification of Hydroxy-terminated Polyisoprene (PI-Br): Hydroxy terminated 
polyisoprene (PI 1, 4 addition) (0.35g, 5.38×10
-5
 mol), DMAP (2 mg, 1.64×10
-5
 mol), 
and 1.5mL of THF were introduced into a round bottom flask. The solution was cooled to 
0
 
°C, and Et3N (74 µL, 5.25 ×10
-4
 mol) was added dropwise. The solution was allowed to 
stir for 30 minutes.  4-bromobutyryl chloride (61µL, 5.32×10
-4
 mol), was then added 
dropwise to the solution and allowed to stir overnight. After the reaction the reaction 
solution was concentrated to dryness, dissolved in DCM, and extracted with water three 
times. The organic layer was dried was dried over anhydrous sodium sulfate, filtered, and 
concentrated.
52
 The solution was then precipitated into hexane two times to remove 
residual PI.  The solid product was collected by filtration and vacuum dried overnight. 
1
H 
NMR (300 MHz, CDCl3, δ (ppm): 5.39 (t, CH3CCHCH2), 4.5 (t, -CH2OCO-), 2.8 (t, -
CH2CH2Br), 2.7 (m, -CH2CH2CH2Br), 2.1 (t, -COCH2CH2-), 1.7 (s, -CH3CCH-) 
Azide Terminated Polyisoprene (PI-N3): The terminal bromide group was converted to 
azide by reacting sodium azide (NaN3) in DMF/THF overnight.
60, 61
  PI-Br (0.22 g, 
3.35×10
-5
 mol) was dissolved in DMF (2 mL) and THF (2 mL) in a 10 mL round bottom 
flask. The reaction mixture was purged with nitrogen for 30 minutes.   Sodium azide (22 
mg, 3.38×10
-4
 mol) was then added to the reaction mixture. The reaction was stirred at 40
 
°C overnight.  The product was concentrated and diluted with THF and precipitated in 
methanol. The product was centrifuged and vacuum dried overnight. 
1
H NMR (300 MHz, 
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CDCl3, δ (ppm):  5.39 (t, -CH3CCHCH2-), 4.5 (t, -CH2OCO-), 2.7 (m, -CH2CH2CH2Br), 
2.1 (t, -COCH2CH2-), 1.7 (s, CH3CCH-) 1.4 (t, -CH2CH2N3). FT-IR (cm
-1
):  2100 
Bromide-terminated Polystyrene via RAFT (PS-Alkyne): To a 10 mL Schlenk flask, 
styrene (5.51 mL), end functionalized 4-cyano-4-phenylcarbonothiolthio) pentanoic acid 
(RAFT-Alkyne) (11 mg), Azobisisobutyronitrile (AIBN) (0.6 mg), and anisole (0.1mL; 
internal standard) were added. After three freeze-pump-thaw cycles, the flask was placed 
into a preheated oil bath set at 90 °C.
62-64
 After the desired percent conversion was 
reached the reaction was removed from the oil bath and diluted with THF, and placed in 
an ice bath. The polymer was precipitated in methanol, filtered, and vacuum dried 
overnight. Mn (NMR) = 44,100 g/mol, PDI (GPC) = 1.10.  
1
H NMR (300 MHz, CDCl3 δ 
(ppm):  7.20-7.70 (ArH RAFT agent), 6.35-7.33 (br, ArH PS), 1.0-2.4 (br, -CH2CH-).   
Chain-Extension to Prepare P2VP-PS-Alkyne via RAFT: To a 10 mL Schlenk flask, 
PS-Alkyne (0.5 g), 2-vinylpyridine (0.57 mL, 2VP), AIBN (0.5 mL, of 0.5mg/mL in 
THF), and anisole (0.5 mL; internal standard) were added. After three freeze-pump-thaw 
cycles, the flask was placed into a preheated oil bath set at 60
 
°C.
62-64
 After the overnight 
reaction the flask was opened and diluted with THF and placed in an ice bath. The 
polymer was precipitated in methanol, filtered, and vacuumed dried overnight. Mn 
(NMR) = 52,500 g/mol, PDI (GPC) = 1.15. 
1
H NMR (300 MHz, CDCl3 δ (ppm):  8.2-8.5 
(br, -CHNC-), 6.35-7.33 (br, ArH), 1.0-2.4 (br, -CH2CH-).   
Triblock P2VP-PS-PI via “Click” Reaction: To a 10 mL Schlenk flask Cu(I)Br (0.15 
eq.) was added a purged with nitrogen. P2VP-PS-Alkyne (1 eq.), PI-N3 (2 eq.) and 
PMDETA (0.1 eq.) were dissolved in 2 mL of THF and added to a 10 mL pearl shaped 
flask and purged with nitrogen for 30 minutes.
65
 The reaction mixture in the pearl shaped 
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flask was transferred to the 10 mL Schlenk flask containing the Cu(I)Br. The Schlenk 
flask was added to a preheated oil bath at 50 °C. After the overnight reaction the flask 
was opened and diluted with THF and placed in an ice bath. The polymer was 
precipitated in hexane twice, centrifuged, and vacuum dried overnight. Mn (NMR) = 
58,500 g/mol, PDI (GPC) = 1.18. 
1
H NMR (300 MHz, CDCl3 δ (ppm): 6.2-8.5 (br, PS 
and P2VP aromatic groups), 4.2-5.2 (br, PI vinyl groups), 2.2-1.7 (br, PS, P2VP, and PI 
alkyl groups). 
4.4 Results and Discussion 
The synthetic strategy of triblock copolymer P2VP-PS-PI was outlined in Scheme 
4.1. Briefly an alkyne end-functionalized RAFT agent was used for polymerization of 
styrene to obtain the RAFT macroinitator (PS-Alkyne) at 90 °C.
62-64
 The molecular 
weight of polystyrene was monitored by 
1
H NMR, through monomer conversion by 
calculating the decrease of the vinyl peaks at 5.74 and 5.22 ppm to the aromatic peaks at 
6.00 and 7.40 and the reaction was stopped at the desired percent conversion.  The 
macroinitiator PS-Alkyne was used for chain extension of 2-vinylpyridine to give diblock 
copolymer P2VP-PS-Alkyne in preparation for the click reaction.
62-64
 Again, the 
molecular weight of 2-vinylpyridine was monitored by 
1
H NMR, through monomer 
conversion by calculating the decrease of vinyl peaks at 5.74 and 5.22 ppm, to the 
aromatic peaks at 6.00 and 7.40 ppm. 
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Scheme 4.1 General Synthesis Procedure for P2VP-PS-PI Triblock Copolymer 
On the other hand, the monohydroxy polyisoprene (1, 4 addition), was prepared 
via living anionic polymerization (Polymer Source) was esterified with 4-bromobutyryl 
chloride (Figure 4.1) followed by reacting sodium azide to convert the bromine end group 
to azide for the click reaction.
52
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Figure 4.1 
1
H NMR spectrum of PI-OH and PI-Br 
The use of the standard Huisgen cycloaddition conditions mediated by Cu(I)Br 
and PMDETA produced the triblock copolymer P2VP-PS-PI. (ISP).
52, 65
 A series of 
triblock copolymers with nearly the same volume fractions of P2VP and PI (f P2VP ≈ f PI) 
and various volume fractions of the middle PS block were prepared in order to investigate 
the influence of volume fractions of the triblock system in both bulk and thin films. GPC 
measurements confirmed no residual hompolymer was present as shown in Figure 4.2; 
monomodal GPC traces with an increase in molecular weight were obtained for each 
chain extension. 
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Figure 4.2 GPC traces following the synthesis of P2VP-PS-PI (ISP) in DMF 
The relative degree of polymerization and molecular weight of each block was 
determined using 
1
H NMR based on the molecular weight of the homopolymer PS-
Alkyne in each series. The representative 
1
H NMR spectrum for ISP is shown in Figure 
4.3.  
The relative integrals of PS and P2VP aromatic protons (7.43-6.1 ppm) and PI 
vinyl groups (5.27-4.45 ppm) provide the relative volume fractions of each block. The 
total molecular weight of P2VP-PS-PI was calculated based on 
1
H NMR and also 
confirmed through GPC. The dispersity (Đ) was obtained from the GPC in DMF.  Both 
triblock copolymers systems have a Đ ~ 1.15.  The experimental data for each triblock 
series in described in Table 4.1. 
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Figure 4.3 
1
H NMR spectrum of P2VP-PS-PI (ISP) triblock copolymer in CD2Cl2 
The self-assembly of the triblock copolymers was studied in both bulk and thin 
films.  The bulk material from both series were prepared by film casting from 
tetrahydrofuran (4 wt %) similar to earlier work.
32, 33
  The morphology of the bulk 
material was characterized with the aid of small angle X-ray scattering (SAXS), after the 
film casts were completely dried and thermal annealed for  7 days at T = 150 °C under 
nitrogen.  Figure 4.4 depicts the SAXS data for both series JH-4-96 (A) and JH-5-54 (B). 
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Table 4.1 Characteristics of P2VP-PS-PI (ISP) Triblock Copolymers  
Sample M
n
 (g/mol) 
(
1
H NMR) 
Đ 
(GPC) 
P2VP 
M
n
 (g/mol, 
vol %) 
PS 
M
n
 (g/mol, 
vol %) 
PI 
M
n
 (g/mol, 
vol %) 
(A) 
P2VP
76
-
PS
423
-PI
96
 
(JH-4-96) 
 
 
58,500 
 
 
1.15 
 
 
8,000, 12.4 
 
 
44,000, 74.9 
 
 
6, 500, 12.6 
(B) 
P2VP
80
-
PS
480
-PI
96
 
(JH-5-54) 
 
 
64,700 
 
 
1.15 
 
 
8,500, 11.9 
 
 
50,200, 76.7 
 
 
6, 500, 11.4 
 
The presence of distinctive scattering peaks in each of the systems suggest that phase 
separation is occurring, however, both systems only show a distinct q* peaks indicating 
no presences of periodic microdomain morphology. The q* values of each system are 
nearly identical at q* ≈ 0.02 nm-1. The d-pacing of the material was 33-34 nm.  Even 
though SAXS determined phase separation in the bulk state, we observed shallow to no 
higher order peaks which render the determination of the bulk morphology rather 
ambiguous. 
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Figure 4.4 SAXS intensity profiles of P2VP-PS-PI (ISP). (A) JH-4-96; PS: 44,000 g/mol. 
(B) JH 5-54; PS: 50,000 g/mol after thermal annealing at t = 150 
°
C for 7 days under 
nitrogen. 
Thus, we rationalize a conclusion the bulk material is dependent on the volume 
fractions of each block in both systems. Since each system has fP2VP ≈ f PI (both 11-12 %), 
and PS block (fPS ≈ 0.67-0.80), we can assume the morphology should be either spherical 
or cylindrical. To support this assumption, thin-film studies were conducted on both 
systems. 
Thin films (1.5 wt %) of both systems were prepared by spin-casting the material 
onto native oxide silicon wafers (50-60 nm).  The thin-films were annealed at room 
temperature overnight under low-humidity using toluene as the solvent.  The ordering at 
the film-air interface was measure using AFM as can be seen in Figure 4.5. 
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Figure 4.5 AFM height images of P2VP-PS-PI. (A) JH 4-96; PS: 44,000 g/mol; (B) JH 5- 
54; PS: 50,000 g/mol. 
The AFM image of P2VP-PS-PI Figure 4.5 (A) clearly shows lateral ordering domains at 
the air interface. As seen in (B) only a minor degree of surface domains was apparent 
after annealing.  Furthermore, the domain spacing and nearest-neighbor distance 
measured by AFM for Figure 4.5 (A) is around 25 nm and 37 nm, respectively. The 
spacing in AFM was somewhat larger than the values obtained by SAXS, but still 
relatively close. However, it was hard to distinguish and identify the different blocks 
(either P2VP or PI).  It is important to note here that further characterization was done on 
sample (A) since lateral ordered surface domains were clearly present and superior to that 
of (B). 
GISAXS measurements were performed to evaluate the ordering and morphology 
in Figure 4.5A, induced from low-humidity solvent annealing.  Films were measured by 
varying the incident angle near the polymers critical angle (αc ≈ 0.16°), which produces 
controlled penetration depths of a few nanometers up to full film thickness.
66
 The 
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scattering profiles for the P2VP-PS-PI (ISP: 58,500 g/mol; Fig. 4.5A) show the 
appearance of higher order peaks (ratios of 1: √3: √4: √7) as shown in the 1D GISAXS 
data in Figure 4.6. The distance between the close packed rows is around 37 nm, which is 
nearly identical to the outcome of the solvent annealed sample of P2VP-PS-PI with PS 
molecular weight of 44,000 g/mol,.  These higher ordering scattering peaks are consistent 
with hexagonal packed domains on the surface.  
 
Figure 4.6 GISAXS measurement of P2VP-PS-PI (JH-4-96) by low humidity annealing. 
To understand the domains block in P2VP-PS-PI (JH 4-96) transmission electron 
microscopy (TEM) was used. According to previous literature staining P2VP-PS-PI with 
OsO4, the TEM micrographs of the film displayed black, white, and gray regions denoted 
by PI, PS, and P2VP, respectively.
32, 33
 This process was done using annealed thin films 
of P2VP-PS-PI (JH 4-96). The thin films layer was removed from the silicon wafers by 
immersing it in a dilute solution of hydrofluoric acid.  Once immersed, the thin film 
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would etch away from the silicon wafer.  TEM grids were used to catch the thin films 
from the solution.  Upon drying, the films were stained using OsO4 for 18 hours in a vial. 
As shown in Figure 4.7, although very ambiguous, it seems the TEM image of P2VP-PS-
PI shows varying regions of black and gray domains throughout the sample.  
 
Figure 4.7 TEM image of P2VP-PS-PI (JH-4-96) 
Even though the image is not conclusive in representing perfectly alternating 
domains, it does however provide an insight to a mixture of PI and P2VP domains as the 
black and gray regions correspond to both PI and P2VP domains, respectively.  It is 
interesting to note here that the TEM image shows no degree of ordering in contrast to 
the AFM images shown before. This could attribute to the TEM film preparation as the 
dilute HF solution could have an effect or during when the film was picked up using the 
TEM grid some of the film could have folded back on itself. However this study helps 
demonstrate a potential mixture of domains is present via TEM. Further analysis needs to 
done to make an accurate assumption.  
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P2VP-PS-PI triblock copolymer systems were synthesized and characterized 
using a variety of techniques. Both bulk and thin film analysis were done to determine the 
morphology of the triblock copolymer. Alternating cylinders of P2VP and PI in a 
tetragonal lattice was the overall goal for this system; however, after characterizing by 
AFM, GISAXS, and TEM we observed potential alternating hexagonally packed domains 
of P2VP and PI.  AFM measurements proved that hexagonally ordered domains were 
present at the air-interface; however, the measurements fail to distinguish the domain 
blocks.  TEM was utilized to determine the domain composition, indicating that 
(although low contrast and lack of ordering) that the system potentially had alternating 
P2VP and PI block in a PS matrix. Finally, GISAXS was used to determine the scattering 
profiles of the thin film used in solvent annealing. The appearance of higher order 
scattering profiles further provide that hexagonal packed domains were at the air 
interface.  Both AFM and GISXS data were consistent in d spacing between the close 
pack rows.   
4.5 Conclusion 
In conclusion, a series of P2VP-PS-PI triblock copolymers were successfully 
produced via RAFT polymerization and “click” chemistry.  The lower molecular weight 
system of the triblock copolymer produced better phase seperation as opposed to their 
higher molecular weight counterparts.  The problem for the higher molecular system 
could be caused by the fP2VP ≈ f PI  being relatively low which could have caused these 
systems to be on the boundary of sphere and cylinders, however in depth χN value studies 
need to be carried out using Linkam via SAXS to fully understand the system   .  Further 
investigation on sample (A) using GISAXS provided insight that this system has 
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hexagonal packed domains at the air interface. TEM, even though somewhat ambiguous, 
shows there is a potential mixture of P2VP and PI domains in the thin films.  More 
analysis needs to be done on these systems before a true understanding of the self-
assembly process occurs in these systems. This series of triblock copolymers provides a 
good foundation for further research to be conducted for this project.  
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CHAPTER 5 
GRAFTED BLOCK COPOLYMER PNB-G-(PS-B-PMMA) 
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5.1 Abstract  
This chapter addresses the synthesis, characterization, and preliminary thin film 
studies of grafted block copolymer polystyrene-block-poly(methyl methacrylate) (PNb-g-
(PS-b-PMMA)). Polystyrene-block-poly(methyl methacrylate) (PS-b-PMMA) diblock 
copolymers served as the side chains on a norbornene based backbone of the grafted 
block copolymer. The grafted block copolymer was synthesized through a combination of 
atom transfer radical polymerization (ATRP), reversible-addition fragmentation chain 
transfer polymerization (RAFT), ring-opening metathesis polymerization (ROMP) and 
copper(I)-catalyzed azide-alkyne cycloaddition reactions. The polymers were synthesized 
with low dispersity, however self-assembly studies under thermal annealing showed 
minimal phase separation. This study, illustrates a general strategy to prepare a novel 
class of grafted PNb-g-(PS-b-PMMA) block copolymers, however further 
characterization needs to be carried out.  
5.2 Introduction 
Block copolymers (BCP) are a class of materials that are widely studied due to 
their unique capabilities to self-assemble into ordered morphologies with precisely 
controlled size and pitch.
1-7
 Block copolymers have gained tremendous interest for the 
use in many technical applications such as photonic crystals, separation membranes, and 
microelectronics patterning.
4, 8-12
 Specifically, microelectronics require small features to 
be used as templates in current devices which is a problem that current photolithography 
is trying to overcome. The ability of block copolymers to self- assemble into sub-20 nm 
scale features provides an advantage over current photolithography techniques employed 
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today. These advances are feasible due to great insight in BCP synthesis and polymer 
engineering over the past decades.
7, 13-31
   
The phase behavior of block copolymers are controlled through three 
experimental pararmeters:
13, 32-36
 Flory-Huggins interaction parameter (χ), degree of 
polymerization (similar to molecular weight) (N), and volume fractions of the block (f).
32
  
When χN is sufficiently high, diblock copolymer will self-assemble in body-centered 
cubic spheres, hexagonal packed cylinders, or lamella depending on their volume 
fractions (f).
29, 32, 34, 37-39
 Most applications incorporating block copolymers require 
controlled order, which depends on interfacial energetics between the polymer and 
substrate. External structure directing potentials are a popular way to control parallel or 
perpendicular ordering. Examples include chemoepitaxy (chemical pattern substrates), 
graphoepitaxy (topographically pattern substrates), or surface treatment.
40-52
 
One of the most prevalent block copolymers studied is poly(styrene-block-methyl 
methacrylate), due to the simple synthetic route, attractive etch selectivity, and ability to 
form perpendicular domains when the surface chemistry is controlled.
23, 30, 31
  
Furthermore, surface chemistry in respect to controlling the interfacial energetics has 
been well documented in literature, especially for PS-b-PMMA by using random brush 
copolymers.
40-47, 50, 53, 54
 It has been shown that, neutral surfaces (surface displaying equal 
interaction) energies with both blocks, will enable perpendicular cylinders,
40-42, 44, 47, 53
 
while non-neutral surfaces will promote horizontal.
43, 45, 46, 53
 Most commonly, hydroxy-
terminated random brush polymers (HO-PS-r-PMMA) can be used to align PS-b-
PMMA.
41, 43, 53
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The only drawback of PS-b-PMMA is the low Flory-Huggins interaction 
parameter; χPS-PMMA ~0.06 at room temperature, which limits the size of the microdomain 
that can be formed.
55
 This limitation is overcome using block copolymers with higher χ 
values, like PS-b-PDMS,
56, 57
 and PEO-b-PS
58
. However, expanding research with PS-b-
PMMA diblock copolymer within other polymeric architectures (grafted) may present an 
interesting insight to overcome its low χ hinderance.  
Grafted block copolymers (or brush copolymers) are interesting architectures of 
block copolymers as they have the ability to form nanostructures that are not capable by 
simple linear diblock copolymers.
59-66
 The large cross-sectional area and dense side 
chains inherent with grafting from ultimately high molecular weight polymers, limit 
intermolecular chain entanglement, and thus, form wormlike structures.
67
 Additionally, 
spherical, cylindrical, and lamellae structures have been prepared with domain size > 100 
nm for various applications.
68-70
 These grafted block copolymer systems have long 
backbones between 1000 – 2000 repeat units, with relatively low molecular side-chains 
between 3,000 – 10,000 g/mol.  
In this work, we prepared grafted block copolymers in which the side-chains 
consist of low molecular weight PS-b-PMMA linear diblock copolymers. These polymers 
were prepared via ATRP, RAFT, ROMP, and “click” chemistry. Additionally, anchoring 
a random copolymer OH-PS-r-PMMA was done to promote perepndicular ordering.
41, 43, 
53
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5.3 Experimental Section 
5.3.1 Materials  
All reagents were purchased from Alfa Aesar and Aldrich was used as received 
unless otherwise noted.  Styrene and methyl methacrylate was passed through a basic 
alumina column before use. Tetrahydrofuran (THF) and dimethylformamide (DMF) were 
dried over molecular sieves and distilled before use. N,N,N’,N”,N”-
pentamethyldiethylenetriamine (PMDETA, Aldrich) and triethylamine (Et3N, 99%, 
Aldrich) were distilled before use.   Grubbs 3
rd
 generation catalyst (G3), N-[3-
Hydroxylpropyl]-cis-5-Norbornene-exo-2,3-Dicarboximide (NPH) were prepared 
according to previous reports.
71-73
 4-Cyano-4-(phenylcarbonothioylthio) pentanoic acid 
(97%, CPPA) was purchased from Aldrich and used directly.  Random copolymer 
composed of styrene (S) and methyl methacrylate (MMA), denoted as P(S-r-MMA) was 
purchased from Polymer Source with PS mol % = ~67% was used as received.  
5.3.2 Characterization 
1
H NMR spectra were recorded on Brucker ARX300 and ARX400 spectrometers 
with tetramethylsilane (TMS) as an internal reference. Gel permeation chromatography 
(GPC) was performed at room temperature on a Varian system equipped with a Varian 
356-LC refractive index detector and a Prostar 210 pump. The columns were 
STYRAGEL HR1, HR2 (300×7.5 mm) from Varian. HPLC grade THF was used as 
eluent at a flow rate of 1 mL/min. Samples were filtered over a microfilter with pore size 
of 0.2 μm (Nylon, Millex-HN 13 mm Syringes Filters, Millipore, USA). GPC was 
calibrated using polystyrene as standards.  FTIR spectra were recorded on a PerkinElmer 
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Spectrum 100 FTIR spectrometer equipped with a universal ATR sampling accessory. 
Thermal transitions were recorded using differential scanning calorimetry (DSC) on a TA 
Q200 calorimeter in a temperature range from 0 to 200 °C at a heating rate of 10 °C min
-1
 
under continuous nitrogen flow. All the data was collected during the second heating 
process after cooling at 10 °C min
-1 
from 200 °C. The average sample mass was about 5 
mg, and the nitrogen flow rate was 50 mL min
-1
. Atomic force microscopy (AFM) was 
performed using a Multimode Nanoscope V system (Bruker, Santa Barbara, CA). 
Tapping mode AFM was used to map the topography by tapping the surface using an 
oscillating tip. The measurements were performed using commercial Si cantilevers with a 
nominal spring constant and resonance frequency at 20–80 N m− 1 and 230–410 kHz, 
respectively (TESP, Bruker AFM Probes, Santa Barbara, CA).   
5.3.3 Synthesis 
Norbornene-terminated ATRP initiator (N-[3-propyl-2-bromo-2-methylproponate]-
cis-5-Norbornene-exo-2,3-Dicarboximide, NP-Br: NPH (1, 0.31 g, 1.4×10
-3
 mol) was 
added to a 100 mL round bottom flask equipped with a stir bar and purged with nitrogen.  
Dry tetrahydrofuran (25 mL) was added and the reaction was cooled to 0 °C before 
triethylamine (0.39 mL, 2.8×10
-3
 mol) was added.  A solution of 2-bromoisobutyryl 
bromide (0.26 mL, 2.1×10
-3
 mol) in dry tetrahydrofuran (15 mL) was added drop wise to 
the cooled solution.  The solution was stirred at 0 °C for 30 minutes, then at room 
temperature overnight.  The mixture was filtered and concentrated to dryness.  The solids 
were then dissolved in either DCM or water. The DCM was extracted with deionized 
H2O twice.  The aqueous layers were combined and extracted with DCM three times.  
The organic layers were combined, dried over anhydrous sodium sulfate, filtered, 
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concentrated, and the products were separated using column chromatography (silica gel, 
eluent: DCM).  The product was collected, concentrated, and vacuum dried. 
1
H NMR 
(CD2Cl2), δ (TMS, ppm): 6.30 (s, 2H, CH=CH), 4.15 (t, 2H, CH2CH2OC(O)), 3.59 (t, 
2H, NCH2CH2), 3.33 (s, 2H, CHC(O)N), 2.69 (s, 2H, CH2CH), 1.88-2.08 (m, 8s, 
CH2CH2CH2 + (CH3)2C(O)), 1.51 and 1.23 (d, 2H, CH2CH).  FTIR (cm
-1
): 2980, 1760, 
1690, 1465, 1440, 1390, 1340, 1110, 1170, 890, 720. 
Bromine-terminated NP-polystyrene (NP-PS-Br): Copper (I) bromide (1 eq.) was 
charged into a 10 mL schlenk line flask and purged with nitrogen.  NP-Br (1 eq.), styrene 
(n eq.), and N,N,N’,N’’,N’’-pentamethyldiethylenetriamine (PMDETA, 1.5 eq.) were 
added to a 5 mL pearl shaped flask, degassed by bubbling nitrogen through the solution 
for 20 minutes, and transferred to the schlenk line flask.  The schlenk line flask was then 
added to an oil bath preheated to 90 
o
C.  The polymerization was monitored by proton 
NMR and the reaction was stopped at the desired monomer conversion by cooling in an 
ice bath and then diluting the solution with THF.  The solution was then precipitated into 
methanol twice.  The solid white product was collected by filtration and vacuum dried.
   
1
H NMR (CD2Cl2), δ (TMS, ppm): 6.35-7.33 (br, ArH), 6.30 (s, 2H, CH=CH), 3.59 (t, 
2H, NCH2CH2), 3.33 (s, 2H, CHC(O)N), 2.69 (s, 2H, CH2CH), 1.0-2.4 (br, -CH2CH-).   
Azide-terminated NP-polystyrene (NP-PS-N3): The terminal bromine groups were 
converted to azide groups through reaction with NaN3 in DMF as previously reported.
71
  
1
H NMR (CD2Cl2), δ (TMS, ppm): 6.35-7.33 (br, ArH), 6.30 (s, 2H, CH=CH), 3.59 (t, 
2H, NCH2CH2), 3.33 (s, 2H, CHC(O)N), 2.69 (s, 2H, CH2CH), 1.0-2.4 (br, -CH2CH-).  
FTIR (cm
-1
):  3090, 3050, 3020, 2960, 2840, 2100, 1700, 1590, 1490, 1460. 
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Alkyne-terminated 4-Cyano-4-(phenylcarbonothioylthio) pentanoic acid: 4-cyano-4-
(phenylcarbonothiolthio) pentanoic acid (CPPA) was modified to afford an alkyne 
functionalized RAFT agent.  The modification proceeded through a DCC coupling 
reaction. CPPA (0.5 g, 1.75×10
-2
 mol), propargyl alcohol (0.19 mL, 3.3×10
-2 
mol), 4-
dimethylaminopyridine (DMAP, 0.041g, 3.36×10
-4 
mol), and DCM (25 mL) were 
introduced into a round bottom flask and purged with nitrogen for 30 minutes.  The 
solution was then cooled to 0 °C, and a mixture of DCM (1 mL) and N, N
’
-
Dicyclohexylcarbodiimide (DCC; 0.69 g, 3.3×10
-2 
mol) was added dropwise over 30 
minutes. After the overnight reaction at room temperature, the reaction was 
concentration, and column chromatography was used to separate the products.  The final 
product was then concentration and dried. 
1
H NMR (300 MHz, CDCl3, δ (ppm):  7.20-
7.70 (ArH), 4.2 (d, 2H, -OCH2CH-), 3.00 (s, -CCH-), 2.82 (t, -CCH2CH2CO-), 2.35 (t, -
CCH2CH2CO-), 1.73 (s, -SCCNCH3). 
Alkyne-terminated poly(methyl methacrylate) (PMMA-Alkyne): To a 10 mL Schlenk 
flask, methyl methacrylate (n eq.), end functionalized RAFT-Alkyne (1 eq.), 
Azobisisobutyronitrile (AIBN) (0.1 eq.), and anisole (0.1 mL; internal standard) were 
added. After three freeze-pump-thaw cycles, the flask was placed into a preheated oil 
bath set at 60 °C. The polymerization was monitored by proton NMR and the reaction 
was stopped at the desired monomer conversion by cooling in an ice bath and then 
diluting the solution with THF.  The solution was then precipitated into methanol twice.  
The solid product was collected by filtration and vacuum dried. 
1
H NMR (300 MHz, 
CDCl3 δ (ppm):  7.70-7.20 (ArH RAFT agent), 3.4-3.8 (3H, -OCH3), ), 1.0-2.4 (br, -
CH2CH-). 
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Norbornene-terminated diblock copolymer PS-b-PMMA (NB-g-(PS-b-PMMA): 
Cu(I)Br (0.1 equiv.) was charged into a round bottom flask and purged with nitrogen.  
PMMA-alkyne (2 equiv.), NP-PS-N3 (1 equiv.), and PMDETA (0.15 equiv.) were added 
to a pear shaped flask, dissolved in THF, and bubbled with nitrogen for 30 minutes.  The 
mixture in the pear shaped flask was transferred to the round bottom flask and stirred at 
40 °C overnight.  The reaction mixture was then diluted with, DCM, and precipitated into 
methanol two times.  The product was collected by centrifuge and vacuum dried 
overnight.  
1
H NMR (CD2Cl2), δ (TMS, ppm): 6.35-7.33 (br, ArH), 6.30 (s, 2H, 
CH=CH), 3.4-3.8 (3H, -OCH3), ), 1.0-2.4 (br, -CH2CH-), 1.0-2.4 (br, -CH2CH-). 
Grafted block copolymer poly(norbornene-graft-(PS-b-PMMA)) (PNB-g-(PS-b-
PMMA): Grubbs 3
rd
 generation catalyst (1 equiv.) and anhydrous DMF (1 mL) were 
added to a schlenk line flask and bubbled with nitrogen for 10 minutes.  NP-g-(PS-b-
PEO) (p equiv.) was added to a pear shaped flask, dissolved in DMF (4 mL), and bubbled 
with nitrogen for 10 minutes.  The mixture in the pear shaped flask was transferred to the 
schlenk line flask and stirred at 60 °C.  The polymerization was monitored by GPC and 
terminated by addition of ethyl vinyl ether (5 equiv.) when all macromonomer was 
consumed.  The reaction mixture was precipitated into diethyl ether two times.  The solid 
product was collected by centrifuge and vacuum dried overnight.  
1
H NMR (CD2Cl2), δ 
(TMS, ppm): 6.35-7.33 (br, ArH), 5.42 and 5.60 (br, CH=CH), 3.4-3.8 (3H, -OCH3), 1.0-
2.4 (br, -CH2CH-), 1.0-2.4 (br, -CH2CH-). 
Preparation of Modified Substrates. Surface modification of the silicon wafers with 
random brush copolymer P(S-r-MMA) with PS mol % = ~67%., was done by spin 
casting a 1.0 wt % of P(S-r-MMA) onto the wafer and then thermally annealed under 
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vacuum at 170 °C, which is well above the Tg for both PS (100 °C) and PMMA (115 °C) 
for 5 days.
74
 This time allows for the end functional hydroxyl groups to diffuse into the 
substrate and react with oxide layer on the substrate, resulting in anchored polymer 
brushes.
74
 Residual brush layers were removed by sonicating in toluene three times. The 
resulting anchored brush layer was confirmed through water contact angle measurements 
of un-treated silicon wafer with modified surfaces.  
Preparation of Thin Films. The NP-g-(PS-b-PMMA) linear diblock copolymer and 
PNP-g-(PS-b-PMMA) grafted block copolymer was spin-cast (3000 RPM, 60 s) from 
toluene solutions (1.5 wt%) onto modified silicon substrates that were coated with the 
random copolymer layer.  The thin films were then thermally annealed for various times 
at 150 °C.  
5.4 Results and Discussion 
Polystyrene-block-poly(methyl methacrylate) PS-b-PMMA diblock copolymers 
were grafted from a norbornene backbone through a combination of ATRP, RAFT, 
ROMP, and "click" chemistry. The synthetic route is shown in Scheme 5.1 and begins by 
synthesizing compound 2, which has a norbornene unit that can be polymerized through 
ROMP, as well as having an ATRP initiating site.  This compound is synthesized by 
reacting the primary alcohol of compound 1 with 2-bromoisobutyryl bromide in the 
presence of triethylamine. The product was confirmed through NMR.  The chemical shift 
of the methylene protons adjacent to the alcohol in compound 1 clearly shifted downfield 
from 3.53 ppm to 4.15 ppm as the ester formed for compound 2 (Figure 5.1).  
Additionally, a singlet appeared at 1.90 ppm, which corresponds to the methyl groups of 
the tertiary alkyl halide.   
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Scheme 5.1 Synthesis of grafted block copolymer PNb-g-(PS-b-PMMA) (7)  
Nb-Br (2) was then used to initiate the polymerization of styrene using Cu(I)Br 
and PMDETA at 90 °C.  The polymerization was monitored by 
1
H NMR, as monomer 
conversion was calculated by comparing the ratio of the decrease of vinyl peaks at 5.74 
and 5.22 ppm to the aromatic peaks between 6.00 and 7.40 ppm. The chain extensions 
were stopped at the desired percent conversion. The molecular weight was confirmed 
through 
1
H NMR (Figure 5.1) and GPC. The dispersity was also confirmed through GPC.  
Nb-PS-N3 (3) was obtained after reacting the terminal bromine group of Nb-PS-Br (2) 
with sodium azide in DMF. Extractions against water and precipitation into diethyl ether 
removed residual DMF. The azide was confirmed through FTIR, as a sharp peak at 2100 
cm
-1
 appeared which is indicative of an azide stretch (Figure 5.2). 
Simultaneously, an alkyne end-functionalized RAFT agent was used for 
polymerization of methyl methacrylate using AIBN in bulk at 60 °C. The polymerization 
was monitored by 
1
H NMR, as monomer conversion was calculated by comparing the 
ratio of the decrease of double bond peaks at 6.20 and 5.70 ppm to the aromatic end 
group from the RAFT agent between 7.70-7.20 ppm. The polymerizations were stopped 
at the desired percent conversion. The molecular weight was confirmed through 
1
H NMR 
(Figure 5.3) and GPC. The dispersity was also confirmed through GPC. 
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Figure 5.1 
1
H NMR spectra for compound 2 and polymer 3 
 
Figure 5.2 FTIR spectra for polymer 3 
 
   
116 
 
 
Figure 5.3 
1
H NMR spectra for polymer 5  
PMMA-alkyne (5) was then reacted with Nb-PS-N3 (4) in a copper catalyzed 
alkyne-azide cycloaddition using a Cu(I)Br/PMDETA catalyst system. The reaction was 
monitored by GPC, and was stopped when all Nb-PS-N3 (4) was consumed. Residual 
PMMA-alkyne was removed by precipitating in methanol twice. 
1
H-NMR revealed the 
peaks characteristic for both PS (6.35-7.33, 1.0-2.4 ppm) and PMMA (3.4-3.8, and 1.0-
2.4 ppm), while also having the norbornene end-functionalized groups (6.30 ppm) as seen 
in Figure 5.4. Additionally, clean shifts to higher molecular weight from homopolymer 
(4) and (5), to end-functionalized diblock copolymer (6) was observed in GPC (Figure 
5.5 and 5.6). 
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Figure 5.4 
1
H NMR spectra for polymer 6 
 
Figure 5.5 GPC traces for polymer 4a-7a 
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Figure 5.6 GPC traces for polymer 4b-7b 
Grubbs 3
rd
 generation catalyst was used to polymerize the norbornene 
functionalized diblock copolymer 6 in DMF at 60 °C. The polymerization was monitored 
by GPC, and was quenched with ethyl vinyl ether once all macromonomer was 
consumed. The polymer was precipitated into methanol twice. 
1
H NMR showed the 
disappearance of the initial norbornene alkene protons at 6.30, and the appearance of two 
new small peaks at 5.4 and 5.2, which indicate the new polymer alkenes (Figure 5.7).  
Furthermore, GPC also showed a 5x molecular weight increase which corresponds to the 
degree of polymerization targeted for this reaction. Additionally, there was also a clean 
shift from to the higher molecular weight grafted block copolymer, indicating no residual 
macromonomer (Figure 5.5 and 5.6). Furthermore, the dispersity of the final grafted 
block copolymer was 1.2-1.3, demonstrating that the combination of RAFT, ATRP, 
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ROMP, and "click" chemistry resulted in well-defined polymers. Table 5.1 provides the 
polymer compositions with their respected wt % and experimental χN values.  
 
Figure 5.7 
1
H NMR spectra for polymer 7 
Surface modification of silicon wafers to help control the interfacial energetics 
was done by spin casting a 1.0 wt % solution of random brush copolymer (HO-PS-r-
PMMA) from toluene. The thin film of random brush copolymer was thermally annealed 
under vacuum at 170 °C for 5 days.  Films were then removed and sonicated in a solution 
of toluene to remove any unreacted brush copolymer. Water contact angles measurements 
were done to ensure the random brush copolymer diffused onto the surface of the oxide 
silicon wafer (Figure 5.8). 
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Table 5.1 Characterization of polymers 4-7 
Polymer 
Entry  
Mn PDI
 a
 DP 
PNP 
Wt. % 
PMM
A 
Wt. % 
PS 
Wt. % 
Backbone 
  χN ≈0.06  
@ (rt) 
4a 21100
a
 1.15 -- -- -- -- -- 
4b 11500
 a
 1.11 -- -- -- -- -- 
5a 6800
 a
 1.12 -- -- -- -- -- 
5b 3000
 a
 1.08 -- -- -- -- -- 
6a 27500 1.13 -- 24.70 76.73 1.05 16.2 
6b 14200 1.18 -- 21.11 80.90 2.04 8.4 
7a5 136000
c
 1.23 5 25.00 77.21 1.06 81.2 
7b5 72100
c
 1.32 5 20.80 79.70 0.40 42.1 
a
Determined from GPC calibrated by PS standards.  
b
From supplier.  
c
Calculated from 
feed ratio. 
 
 
Figure 5.8 Water contact angle measurements for untreated silicon wafer (A); and HO-
PS-r-PMMA random brush layer, PS mol % = ~67% (B). 
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The treated silicon wafer with the random brush copolymer had a water contact 
angle of (~96°), whereas the untreated was (~61°). The increase in water contact must be 
attributed to the presence of the more hydrophobic random brush copolymer layer. 1.5 wt 
% solutions of block copolymers 6 and 7 were spin casted onto the treated silicon wafers.  
The films were then thermally annealed under vacuum for 3 days at 150 °C. AFM 
measurements were done on both 6a and 7a, since both systems Flory-Huggins 
interaction parameter was well above the order-disorder transition (ODT).  However, 
phase segregation was very ambiguous as illustrated in Figure 5.9 for both systems.  
 
Figure 5.9 AFM images for diblock copolymer (6a) and grafted block copolymer (7a) 
The lack of phase separation in both systems could be due to processing 
conditions such as thermal annealing or preparation of the films.  Thermal annealing was 
also conducted on the lower molecular weight linear and grafted block copolymer (6b 
and 7b), however, as expected, phase separation was ambiguous. Current work is 
focusing on SAXS measurements of all samples in bulk, as well as thin film GISAXS 
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measurements.  These measurements will help us determine if phase in these polymeric 
systems.  Furthermore, commercially available linear PS-b-PMMA diblock copolymer 
with similar molecular weight to our systems will be purchased and thermally annealed to 
see if our processing methods could be the problem.  These simple measurements and 
tests should provide an insight to why our linear and grafted block copolymer systems are 
lacking phase separation.  
5.5 Conclusion  
In conclusion, we prepared both linear and grafted block copolymers using a 
combination of ATRP, RAFT, ROMP, and "click" chemistry.  The grafted block 
copolymer consisted of a polynorbornene based backbone with PS-b-PMMA diblock 
copolymers as side-chains.  Even though a complex synthetic strategy was employed and 
characterization confirmed all polymers were made in moderate yield, thin-film studies 
showed very ambiguous phase separation after thermal annealing.  Further measurements 
and processing studies need to be carried out to fully understand how the system is 
behaving.   
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CHAPTER 6 
SUMMARY AND OUTLOOK 
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  6.1 Dissertation Summary 
Block copolymers have been recognized as potential candidates for various 
applications based on their ability to form nano-scale patterns. Specifically, these 
materials can be used as templates in nanolithography since the length scales are in the 
range of 5-30 nm. Furthermore, the ability to incorporate functional groups into the 
chain-ends, side-chains, or as linkers between chains allows for confinement of the 
functional group either in a specific domain or at the interface between domains in 
microphase separated block copolymers. Also, specific morphologies can be obtained by 
simply altering parameters in the block copolymer system. The general objective of 
research done in this thesis project focuses on developing highly ordered arrays of 
domains which could be used as templates for future microelectronic devices, with the 
aim in reducing feature size and pitch. Specifically, this dissertation covers two main 
objectives: (1) addressing critical issues in solvent annealing of polystyrene-block-
(ethylene oxide) in thin films; reduction of annealing time and implementation of 
industrially compatible solvents; (2) the design, synthesis, and characterization of various 
functional block copolymers architectures using controlled radical polymerization 
techniques and robust chemistry.  
The first facet of this dissertation is described in chapter 2 where the reduction of 
annealing time by nearly an order of magnitude was done with PS-b-PEO under high 
humidity solvent annealing with toluene by simply decreasing the annealing chamber size 
was achieved. Furthermore the utilization of two industry-benign solvents, MEK and 
PGMEA, allowed the formation of ordered surface patterns under high humidity, 
however, these solvents reduced the incompatibility between each block, thus requiring 
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longer annealing time. These simple changes to high-humidity solvent annealing 
protocols can be easily implemented.  
The second part of this dissertation involved design of various diblock and 
triblock copolymer architectures.  Chapter 3 elaborates on work on decreasing feature 
size while retaining the films stability. This was done using grafted and star block 
copolymers in which PS-b-PEO diblock copolymers served as side-chains or arms 
respectively from a backbone or a core. By limiting the backbone length, and number of 
arms, enhanced inter-chain entanglement led to enhanced quality of films with high 
degrees of order.  For both systems the feature size and spacing were dictated by the 
molecular weight of the side-chains or arms, while the overall molecular weight of each 
system ensures film stability. In another facet, chapter 4 addresses a series of P2VP-PS-
PI triblock copolymers to target alternating square arrays of cylinders.  Again, this work 
stemmed from previous work involving PEO-PS-PI triblock copolymers.  A series of 
triblock copolymers was successfully synthesized through RAFT polymerization and 
“click” chemistry. Although square arrays of cylinders were not obtained, AFM and TEM 
measurements showed hexagonally packed domains at the surface.  Finally, chapter 5 
describes grafted block copolymers in which PS-b-PMMA diblock copolymers served as 
side chains grafted from a backbone. A series of grafted copolymers were successfully 
synthesized by a combination of ATRP, RAFT, ROMP, and “click” chemistry. Even 
though highly ordered arrays were not obtained, these materials have the potential to 
create a toolbox of low molecular weight PS-b-PMMA diblock copolymers as side chains 
to decrease the feature size and pitch in thin films while still maintaining film stability.  
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6.2 Future Work 
To expand the reduction of annealing time, further research could be explored 
through microwave solvent annealing. This would further reduce annealing time down to 
seconds.
1-4
 Also, expanding research with other industry-benign solvents for solvent 
annealing of other polymer compositions would make this process more industrially 
friendly.  
Other polymeric architectures like multi-segmented block copolymers and 
miktoarm star block can be prepared to allow low feature sizes and high film stability. 
These systems utilize a central core to link the low molecular weight polymers. 
Furthermore, other work could be focused on using star copolymers with high Flory-
Huggins interaction parameters (χ) such as PS-b-PDMS (χ ≈ 0.26). This could enable us 
to use even lower molecular weight linear block copolymers as the side-chains than that 
of PS-b-PEO.  
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